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ABSTRACT: Pulmonary fibrosis is a fatal chronic lung disease, leading to poor prognosis and high mortality. Accumulating
evidence suggests that oxidative stress characterized by excessive production of hydrogen peroxide (H2O2) is an important molecular
mechanism causing pulmonary fibrosis. We conceive a new type of mitochondria-targeted near-infrared fluorescent probe Mito-Bor
to investigate changes in the level of endogenous H2O2 in living cells and mice models with pulmonary fibrosis. In the design strategy
of the Mito-Bor probe, we selected azo-BODIPY as the fluorophore owing to its near-infrared fluorescence, strong photochemical
stability, and low biological toxicity. Under physiological conditions, the response moiety 4-bromomethylphenylboronic acid pinacol
ester could easily detect H2O2, and turn the fluorescence switch on. The modification of the lipophilic triphenylphosphine cation on
the fluorophore would allow the probe to easily pass through the phospholipid bilayer of cells, and the internal positive charge could
contribute to the selectivity of the mitochondria accumulation. The Mito-Bor probe provides high selectivity, low limit of detection,
high biocompatibility, and excellent photostability. It can be used to detect changes in the level of H2O2 in living cells and in vivo.
Therefore, the probe is applied to investigate the fluctuation of the H2O2 level during the process of inducing pulmonary fibrosis in
cells, with changes in its fluorescence intensity correlating with the concentration of H2O2 and indicating the level of oxidative stress
in fibroblasts. Conversely, pulmonary fibrosis can be modulated by adjusting the level of H2O2 in cells. A further study in mice
models of bleomycin-induced pulmonary fibrosis confirms that NADPH oxidase 4 (NOX4) acts as a “button” to regulate H2O2
levels. The direct inhibition of NOX4 can significantly reduce the level of H2O2, which can delay the progression of lung fibrosis.
These results provide an innovative way for the clinical treatment of pulmonary fibrosis.
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Pulmonary fibrosis, especially idiopathic pulmonary fibrosis
(IPF), is a fatal chronic lung disease but with unknown
etiological factors and pathogenesis that result in adverse
prognosis.1 The pathological changes caused by fibrosis is
characterized by extracellular matrix deposition, and the
patients suffer from progressive dyspnea from local to
widespread fibrosis. Currently, the diagnosis of pulmonary
fibrosis mainly depends on lung biopsy or computed
tomography (CT). Although high-resolution CT can be
utilized for accurate diagnosis of pulmonary fibrosis, the result
of medical imaging just illustrates that the lesions have
irreversibly formed and the symptom is hardly relieved.
Despite the factors that contribute to the decrease of lung
compliance, the exact mechanisms involved in the initiation,
maintenance, and progression of pulmonary fibrosis are still

difficult to explicitly elaborate, which creates a challenge for the
therapy of this disease. However, an increasing number of
studies have confirmed that oxidative stress is a critical
molecular factor in pulmonary fibrosis.2,3 Oxidative stress
usually refers to the imbalance between reactive oxygen species
(ROS) production and antioxidant defense,4−6 which will
induce cell dysfunction and tissue damage.7,8 Compared to
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other organs, the lungs are particularly susceptible to oxidative
stress. As one of the most representative members of ROS,
hydrogen peroxide (H2O2) plays critical roles in physiological
processes such as cell growth, proliferation, host defense, and
immune response.9−11 However, aberrantly high levels of
H2O2 will result in oxidative damage and thereby directly lead
to the functional decline of cells.12,13 Given the signal/stress
dichotomy roles of H2O2, it is crucial to distinguish its
beneficial effects from detrimental effects on pulmonary
fibrosis.
The assays applied to living cells in vivo are often limited

due to the dynamic changes of endogenous H2O2, which
promotes the exploitation of new chemical tools that can be
employed for the real-time detection of changes in the level of
intracellular H2O2 in situ.14,15 Among the reported chemical
tools, activatable molecular fluorescence bioimaging is a
powerful technique because of its noninvasive, biocompatible,
and visualization features.16−21 Hitherto, different types of
fluorescent probes have been developed for the specific
detection of intracellular H2O2 in living systems. The response
mechanism depends on the following main types of chemical
strategies, (a) the hydroboration−oxidation reaction that
converts an alkene into a neutral alcohol,22−27 (b) the
Baeyer−Villiger oxidation rearrangement reaction,28−31 (c)
the oxidation of phenol to quinone,32,33 (d) the tandem
Payne/Dakin reaction,34,35 (e) the cleavage of arylsulfonyl
esters,36,37 (f) the metal-mediated redox reaction,38 and the
oxidation reaction of chalcogenides.39,40 Although many H2O2
fluorescent probes have been elaborately devised, most of them
lack organelle-targeting capability and accumulate in the
cytoplasm with free diffusion and random distribution.
However, dynamic changes in H2O2 levels in the subcellular
milieu is largely dependent on organelles, mainly mitochon-
dria, which is considered to be the primary source of H2O2 due
to their role in oxygen consumption in the cellular compart-
ment. Mitochondria are the energy factory, which are engaged
in a series of biological events including, calcium circulation,
protein synthesis, and apoptosis pathways. Therefore,
mitochondria-targeting fluorescent probes are required to
investigate the fluctuations in H2O2 levels at the subcellular
level. To develop an effective chemical tool for imaging H2O2
in living cells in vivo, an ideal fluorophore with near-infrared
(NIR) wavelength ranging from 650 to 900 nm is desired.41−46

This is attributed to the biggest advantage of NIR absorption
and emission in maximizing tissue penetration while avoiding
the absorbance of heme in hemoglobin and myoglobin, water,
and lipids.47 To the best of our knowledge, there are merely a
few fluorescent probes for examining changes in the level of
H2O2 during the progression of pulmonary fibrosis, and thus,
such fluorescent probes with superior performance are still
urgently needed. In this work, we aim to construct a
mitochondria-targeting NIR fluorescent probe with good
biocompatibility, a distinct turn-on fluorescence switch, and
specific selectivity for endogenous H2O2 detection in living
cells and in mice models.
Herein, a NIR mitochondria-targeted fluorescent probe

Mito-Bor was synthesized for the detection of H2O2 in living
cell and mice models of pulmonary fibrosis. The Mito-Bor
probe included three moieties: near-infrared fluorophore azo-
BODIPY, H2O2 response group 4-(bromomethyl) phenyl-
boronic acid pinacol ester, and the mitochondrial localization
group triphenylphosphonium cation. The sensing mechanism
was based on the response of aryl borate to H2O2, then the

release of the fluorophore triggered the fluorescence emission.
The probe had been successfully applied to detect changes in
the level of endogenous H2O2 in different types of cells and
mice models of pulmonary fibrosis. Our results demonstrated
that the levels of intracellular H2O2 were closely associated
with the progression of pulmonary fibrosis. The Mito-Bor
probe not only provided a promising tool to reveal the role of
H2O2 in the progression of pulmonary fibrosis but also
indicated a potential approach for an auxiliary clinical diagnosis
of IPF.

■ EXPERIMENTAL SECTION
Synthesis of the Mito-Bor Probe. The NIR fluorophore Mito-1

(423.2 mg, 0.5 mmol), 4-(bromomethyl) phenylborate pinacol ester
(213.6 mg, 0.6 mmol), and Cs2CO3 (245 mg, 0.75 mmol) were mixed
in N,N-dimethylformamide (15 mL) under Ar. The reaction was
allowed to proceed at 80 °C for 8 h. After cooling to room
temperature, the mixture was extracted with CH2Cl2 (100 mL) and
H2O (100 mL) three times. Then, the organic layer was retained and
washed with saturated sodium bromide, and dried overnight with
anhydrous sodium sulfate. Afterward, the dried organic layer was
filtered off and removed by evaporating under reduced pressure to
obtain the crude product, which was then purified by silica gel column
chromatography (CH2Cl2/CH3OH = 99.8: 0.2 v/v). The final
product was obtained as a green solid. Yield: 278 mg, 52.3%. 1H
NMR (500 MHz, DMSO-d6) δ (ppm): 8.34 (s, 1H), 8.22-8.16 (m,
5H), 8.08-8.06 (m, 2H), 7.95−7.71 (m, 16H), 7.68−7.43 (m, 7H),
7.39−7.32 (dd, 4H), 7.21−7.08 (dd, 2H), 6.52 (s, 1H), 5.76 (s, 1H),
5.17 (s, 2H), 4.21-4.20 (t, 2H), 3.72-3.67 (m, 2H), 1.99−1.95 (m,
2H), 1.77−1.74 (m, 2H), 1.29 (s, 12H). 13C NMR (125 MHz,
DMSO-d6) δ (ppm): 163.69, 157.65, 153.59, 149.21, 154.87, 140.68,
138.78, 135.91, 135.82, 134.58, 133.14, 132.42, 131.38, 130.09,
128.36, 128.10, 127.15, 125.54, 123.83, 120.64, 116.43, 115.31,
115.06, 114.59, 99.33, 83.63, 83.39, 73.31, 69.89, 29.20, 24.83, 24.54.
ES-MS: m/z C67H61B2F2N3O4P

+, calcd 1062.4548, [M]+ 1062.4549.
Establishment of Pulmonary Fibrosis Cell Models. Human

embryo lung fibroblast IMR-90 and MRC-5 cell lines were fused to
∼80%. The cells were washed with PBS buffer, and 1 mL of trypsin
was added for 1 min. After adding Dulbecco’s Modified Eagle’s
Medium (containing 10% serum), the cell suspension was slowly
pipetted and transferred to a centrifuge tube. After centrifugation at
1100 rpm/min for 5 min, the supernatant was discarded, and 2 mL of
cell culture medium was added to adjust the cell numbers to ∼ 1.0 ×
106 cells/mL. Then the cells were cultured in an incubator at 37 °C
under 5% CO2 for 24 h. The cell fibrosis models were stimulated by
adding recombinant transforming growth factor β1 (TGF-β1) to a
final concentration of 5 nM in serum-free medium for 24, 48, and 72
h, respectively. The cell models of the therapy groups were firstly
stimulated with 5 nM TGF-β1 for 72 h, then the culture medium was
removed and replaced by serum-free medium containing 20 μM
NOX4 inhibitor GKT137831, and then incubated for 48 h.

Establishment of Mice Models of Pulmonary Fibrosis. In our
assays, 64 6-week-old C57BL/6 male mice were randomly assigned
into 8 groups to establish the pulmonary fibrosis model. The control
group a was given normal saline. The mice in other groups received a
single intratracheal spray of bleomycin (5 mg/kg) to establish the
murine pulmonary fibrosis model. After the intratracheal instillation of
bleomycin for 7 days, all mice in the treatment groups were
administrated with GKT137831 (60 mg/kg, twice a week) via gavage.
Therefore, the mice were additionally divided into 7 days bleomycin
group, 14 days bleomycin group, 14 days bleomycin + GKT137831
group, 21 days bleomycin group, 21 days bleomycin + GKT137831
group, 28 days bleomycin group, and 28 days bleomycin +
GKT137831 group.

■ RESULTS AND DISCUSSION
Design Strategy of the Mito-Bor Probe. To obtain a

mitochondria-targeting fluorescent probe for intracellular
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H2O2 detection, three essential challenges must be addressed
(Scheme 1). The first step is the choice of the NIR
fluorophore. As a typical BODIPY fluorophore, the azo-
BODIPY dye exhibits NIR emission spectra, excellent
photochemical stability, high molar absorption coefficients,
low biological toxicity, and can be directly chemically
modified.48 Since the azo-BODIPY dye meets the common
requirements for envisaging a probe, the off-on type of the
probe remains desirable by taking advantage of the high
sensitivity of a dark background. The second step is the
selection of response moiety. As reported, the essential
challenges for sensing H2O2 are chemoselectivity and
biorthogonality.22 Therefore, in this work, we chose the
H2O2-mediated boronate oxidation reaction-based strategy for
H2O2 detection. Once masked with the 4-(bromomethyl)
phenylboronic acid pinacol ester, the fluorescence of the azo-
BODIPY fluorophore will be quenched because the boronate
reaction site is a very strong Lewis acid, wherein the boron
atom is sp2-hybridized with its vacant p-orbitals. We suppose
that the fluorescence emission of the azo-BODIPY dye can be
modulated via a photoinduced electron transfer (PET) process
from the excited fluorophore to the response group (donor-
excited PET, d-PET).33 The last challenge is to determine the
mitochondrial localization functional moiety. Fresh mitochon-

dria preserve their membrane at a unique negative potential of
−180 mV. Fluorophores equipped with cationic ions are prone
to cross the mitochondrial membranes and selectively target
them. Therefore, the excellent hydrophobicity and strong
negative potential accumulation make the triphenylphospho-
nium cation a suitable candidate for targeting mitochondria.
Based on the abovementioned design strategies, we obtain the
desired off-on fluorescent probe Mito-Bor for imaging of
intracellular H2O2 (Scheme S1).

Spectral Properties and Sensing Behaviors of the
Mito-Bor Probe. With the Mito-Bor probe in hand, we firstly
evaluated its spectral properties and sensing behaviors toward
H2O2 under simulated physiological conditions (10 mM PBS
buffer, pH 7.4). As displayed in Figure 1A, the Mito-Bor probe
(10 μM) exhibited a maximum absorption wavelength of 700
nm (ε700 nm = 6.8 × 104 M−1 cm−1). The reaction with 100 μM
H2O2 resulted in a slight decrease of the absorption band
centered at 700 nm (ε700 nm = 6.2 × 104 M−1 cm−1). As
illustrated in Figure 1B, upon treatment with H2O2, the
removal of response group 4-(bromomethyl) phenylboronic
acid pinacol ester would hinder the d-PET process and release
the azo-BODIPY fluorophore. The triggering of the off-on
switch resulted in 25-fold fluorescence increase with emission
centered at 730 nm using the excitation wavelength λex at 700

Scheme 1. Chemical Structure and Response Mechanism of the Mito-Bor Probe toward H2O2

Figure 1. Spectral properties of Mito-Bor. The concentration of the Mito-Bor probe used for analysis was 10 μM in 10 mM PBS buffer, pH 7.4. λex
= 700 nm, λem = 730 nm. (A) UV−vis spectra of Mito-Bor (black line) and reaction with 100 μM H2O2 (red line). (B) Changes in the fluorescence
profile of Mito-Bor upon addition of H2O2 (0−100 μM). (C) Linear fitting equation between fluorescent intensities at 730 nm and H2O2
concentrations. (D) Reaction dynamics between Mito-Bor and100 μM H2O2 during 0−60 min. (E) Selectivity toward biologically relevant reactive
species. (1) Blank; (2) OCl−; (3) O2

−; (4) ONOO−; (5) NO; (6) methyl linoleate hydroperoxide (MeLOOH); (7) OH−; (8) glutathione (GSH);
(9) vitamin C; (10) glucose; and (11) H2O2. All concentrations were 100 μM. (F) Fluorescence intensity changes in response to different pH
values of the probe and reaction product, respectively. pH values: 4.0, 4.4, 4.8, 5.2, 5.6, 6.0, 6.2, 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, 7.8, 8.0, 8.2, 8.4, 8.6,
8.8, 9.0, and 10.0.
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nm. The quantum yield of our probe increased from 0.007 to
0.40 with a 57-fold enhancement. The fluorescence intensity
increased following the increase of the H2O2 concentration
(0−100 μM). The linear relationship between the fluorescence
intensities and H2O2 concentrations was assessed via
regression analysis. The regression equation was F730nm =
24 423 [H2O2] (μM) + 17 809 with a good linear fitting
constant r = 0.9988 (Figure 1C). The limit of detection
(LOD) was determined to be less than 0.1 μM under our
experimental conditions, and the theoretical estimation based
on the linear calibration (3σ/k) proposed the LOD as low as
23 nM. The reaction dynamics was next examined with 10 μM
Mito-Bor toward 100 μM H2O2 under simulated physiological
conditions (Figure 1D). Upon adding H2O2, the fluorescence
response of Mito-Bor increased immediately and reached the
plateau within 25 min. The selectivity of the probe toward
H2O2 against ROS, reactive nitrogen species (RNS), and other
biologically relevant reactive species was tested. The results
indicated that our probe was extremely specific toward H2O2,
while other potential interfering species hardly induced any
fluorescence responses (Figure 1E). Notably, even 100 μM
peroxynitrite (ONOO−) resulted in a slight fluorescence
increase, indicating the negligible interference from the low
physiological level of ONOO−.49 Moreover, other tested bio-
species such as glutathione (GSH), vitamin C, and glucose-
induced no change in the fluorescence signal. These results
suggested the selective sensing capability of the Mito-Bor
probe toward H2O2. Additionally, the pH effects on
fluorescence changes were recorded with pH values ranging
from 4.0 to 10.0. As demonstrated in Figure 1F, the
fluorescence intensities provided no distinct pH-dependence
under the physiological conditions from pH 7.20 to pH 7.45.
All of these results clearly illustrated that the Mito-Bor probe

could be utilized to selectively and sensitively examine changes
in the level of H2O2 in the complicated physiological milieu.

Cytotoxicity and Evaluation of Mitochondrial Coloc-
alization by Super-Resolution Imaging. We next
employed Mito-Bor to investigate changes in endogenous
H2O2 levels in living cells. A higher oxidative stress level has
been observed in a variety of cancer cells compared to normal
cells, mainly due to the excessive accumulation of ROS,
especially the relatively stable H2O2. To verify the universality
of our probe for intracellular H2O2 detection, two kinds of
human-derived non-small cell lung cancer cell lines (A549 cells
and PC9 cells) were selected as the testing models. Prior to
imaging, cytotoxicity assays of the Mito-Bor probe were
performed with Cell Counting Kit-8 (CCK8) after incubating
the cells with a serial concentration of Mito-Bor (0−100 μM)
for 24 h. The results demonstrated that the Mito-Bor probe
showed negligible cytotoxicity and could be utilized for
imaging of intracellular H2O2 (Figure S1).
As mitochondria are the major source of H2O2, the

mitochondria-targeting capability of Mito-Bor is vital for
detecting changes in the level of H2O2. Next, we evaluated
the mitochondrial localization performance of the Mito-Bor
probe through a mitochondrial colocalization assay using A549
cells. A commercial mitochondrial dye (MitoTracker Green
FM dye) was selected to co-incubate with the Mito-Bor probe.
After incubating the cells with Mito-Bor for 30 min and
MitoTracker Green FM dye for 15 min, they were washed
three times with the fresh cell culture medium before imaging.
As illustrated in Figure 2A, the fluorescence of the
MitoTracker Green FM dye was observed in the green
channel, and the Mito-Bor probe emitted its fluorescence in
the red channel. The color pairs of each pixel of both channels
implied a high correlated plot (Figure 2D). The correlation

Figure 2. Determination of mitochondrial colocalization by super-resolution imaging of A549 cells. The cells were incubated with 10 μMMito-Bor
for 30 min and 1 μg/mL MitoTracker Green FM dye for 15 min before imaging. The cells were washed three times with fresh cell culture medium.
Fluorescence collection windows: green channel 500−550 nm (λex = 488 nm) and red channel 700−800 nm (λex = 633 nm). (A) Cells stained with
MitoTracker Green FM and Mito-Bor. Scale bar: 10 μm. (B) Region of Interest in the blue frame of (A). (C) Image analysis by super-resolution
imaging of mitochondria in (B), scale bar: 2 μm. (D) Correlation plot of the dyads in the merged region between green and red channels in (A).
(E, F) Intensity profiles along the blue arrows in (B) and (C) across the cell, respectively.
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analysis suggested the Pearsons’s coefficient was Rr = 0.98, and
the Manders’ coefficients were m1 = 0.99 and m2 = 0.98. We
also verified the applicability of Mito-Bor in mitochondrial
localization via the super-resolution imaging technology. The
images shown in Figure 2B were obtained by laser scanning
confocal microscopy, while those displayed in Figure 2C were
super-resolution images that evidently indicated the mitochon-
drial localization. Therefore, Mito-Bor could selectively

accumulate in the mitochondria rather than other organelles.
The intensity profiles along the blue arrows in A549 cells were
perfectly synchronous, while the super-resolution images
revealed a more closely accurate plot (Figure 3E,F). All of
these results demonstrated that the Mito-Bor probe could
specifically localize in the mitochondria.

Evaluation of Endogenous H2O2 in Lung Cancer Cells.
The rapid fluorescence response, low LOD, outstanding

Figure 3. Evaluation of the endogenous H2O2 in A549 and PC9 lung cancer cells. The cells were treated with 10 μMMito-OH for 30 min at 37 °C
before imaging. All images were imaged using a confocal laser scanning microscope (objective lens × 60) with the collection fluorescence windows
of 700−800 nm (λex = 635 nm). The fluorescence channel of flow cytometry was collected by the APC channel. (A) Time-dependent fluorescence
images of the A549 cells and PC9 cells. Scale bars: 10 μm. (B) Flow cytometry analysis of A549 cells and PC9 cells, as in (A). (C) Histogram of the
results shown in (B). (D) Fluorescence images of A549 cells and PC9 cells cultured with saline, cell-permeable catalase-poly(ethylene glycol)
(PEG-catalase, 500 U/mL), and phorbol myristate acetate (PMA, 2 μg/mL), respectively. Scale bars: 10 μm. (E) Flow cytometry analysis of A549
cells and PC9 cells used in (D). (F) Histogram of the results shown in (E).
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selectivity, and low cytotoxicity of the Mito-Bor probe implied
that it could be employed as a powerful chemical tool to
investigate H2O2 related pathological processes. As illustrated
in Figure 3A, the A549 and PC9 cell lines were both incubated
with 10 μM Mito-Bor at 37 °C for 30 min before imaging.
Both types of cell lines exhibited NIR fluorescence after 5 min
of incubation. The fluorescence intensities increased with time
and reached the plateau at 25 min. Extended incubation for 30
min did not induce a significant fluorescence increase. The
flow cytometry results in Figure 3B,C were consistent with the
fluorescence changes illustrated in Figure 3A. These results
suggested that the Mito-Bor probe could detect the
endogenous H2O2 concentration of A549 and PC9 cells
within 25 min. To further verify the applicability of our probe,
the two cell lines were treated with the cell-permeable catalase-
poly(ethylene glycol) (PEG-catalase), which could scavenge
the intracellular H2O2, and phorbol myristate acetate (PMA),
which could inhibit the mitochondrial respiratory chain and
lead to a burst of H2O2. Both cell groups were pretreated with
500 U/mL PEG-catalase and 2 μg/mL PMA for 3 h as the

negative and positive control, respectively. After washing with
fresh cell culture medium, the cells were incubated with the
Mito-Bor probe (10 μM) for 30 min before imaging. As
illustrated in Figure 3D, the A549 and PC9 cells in the PEG-
catalase-treated group exhibited negligible fluorescence com-
pared with the cells in the control group. However, in the
PMA-treated group, much stronger fluorescence was detected.
In addition, the flow cytometry analysis in Figure 3E,F
provided consistent results with fluorescence changes in Figure
3D. These results demonstrated that our probe Mito-Bor could
respond to changes in intracellular levels of H2O2.

Investigation of Changes in H2O2 Levels in Pulmo-
nary Fibrosis Cell Models. Oxidative stress caused by
excessive ROS greatly influences the progression of pulmonary
fibrosis. It was considered that H2O2 was one of the major
ROS which could aggravate the degree of pulmonary
fibrosis.50−52 Thus, we next applied the Mito-Bor to examine
the level of fluctuation of H2O2 level in pulmonary fibrosis cell
models. The epithelial−mesenchymal transdifferentiation
(EMT) was a common molecular biological change observed

Figure 4. Investigation of changes in the H2O2 level in pulmonary fibrosis cell models. IMR-90 cells and MRC-5 cells were treated with serum-free
media containing TGF-β1 (5 nM) for 24, 48, and 72 h, respectively. (A) Western blot analysis of E-cadherin, α-SMA, and PAI-1 in IMR-90 cells
and MRC-5 cells. GAPDH was used as the loading control. (B) and (C) Quantized histogram for the expression of E-cadherin, α-SMA, and PAI-1
in IMR-90 cells and MRC-5 cells. (D) NOX4 immunofluorescence images. IMR-90 cells and MRC-5 cells were incubated with recombinant anti-
NADPH oxidase 4 antibody (1:100, Alexa Fluor 488) in the collection wavelength range of 500−550 nm (λex = 488 nm). Nuclei were stained with
Hoechst 33342 0.5 μg/mL for 20 min in the collection wavelength range of 420−480 nm (λex = 405 nm). Scale bars: 20 μm. (E) Imaging of
changes in the H2O2 level in IMR-90 cells and MRC-5 cells. λex = 635 nm. Fluorescence collection window: 700−800 nm. The cells were pretreated
with TGF-β1, and then incubated with Mito-Bor (10 μM) for 30 min at 37 °C before imaging. Scale bars: 20 μm. (F) Flow cytometry analysis of
the cells in (E). (G) Histogram of the fluorescence intensities in (F).
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during fibrosis progression, which transformed healthy
fibroblasts into myofibroblasts. During the development of
EMT, the epithelial related expression reduced, while the
mesenchymal related expression increased. As a ubiquitous
profibrotic cytokine, transforming growth factor β (TGF-β)
played critical roles in the progression of fibrosis. Furthermore,
we took TGF-β1 (a subtypes of TGF-β) as an EMT stimulus
to induce fibrosis. Herein, human embryonic fibroblast IMR-
90 cells and MRC-5 cells were treated with 5 nM TGF-β1 for
24, 48, and 72 h, respectively. Changes in the epithelial marker
(E-cadherin), mesenchymal marker (α-SMA), and plasmino-
gen activator inhibitor-1 (PAI-1) were examined by western

blot analysis. As displayed in Figure 4A−C, both cell lines
exhibited similar trends in the protein expression, with the
downregulation of E-cadherin and the upregulation of α-SMA.
PAI-1, a serine protease that inhibited fibrinolysis and
extracellular matrix degradation, was involved in fibrosis in
rats. The treatment with TGF-β led to a higher level of PAI-1
than that of the control group. The above results indicated that
the fibrosis induced by TGF-β1 showed a gradual progression
trend. During this process, the epithelial cells gradually lost
their characteristics but acquired those of mesenchymal cells.
As the extracellular matrix increased, the degree of fibrosis
became serious. NOX4 was involved in myofibroblast

Figure 5. Evaluation of endogenous H2O2 levels during fibrosis progression. All IMR-90 cells and MRC-5 cells were cultured in serum-free medium
as control. To construct cell models, the cell lines were treated with TGF-β1 (5 nM) for 72 h at 37°C. A third group was further washed and
incubated with a specific NOX4 inhibitor GKT (20 μM) at 37°C for 48 h. (A) Western blot analysis of the E-cadherin, α-SMA, and PAI-1
expression levels in IMR-90 and MRC-5 cells, respectively. GAPDH was used as the loading control. (B) and (C) are the histograms of the E-
cadherin, α-SMA, and PAI-1 expression of IMR-90 cells and MRC-5 cells. (D) NOX4 immunofluorescence imaging of IMR-90 cells and MRC-5
cells with recombinant anti-NADPH oxidase 4 antibody (1:100, Alexa Fluor 488), the collection wavelength range was 500−550 nm (λex = 488
nm). Nuclei were stained with 0.5 μg/mL Hoechst 33342 for 20 min with the collection wavelength range of 420−480 nm (λex = 405 nm). Scale
bars: 20 μm. (E) Fluorescence Imaging of H2O2 levels in IMR-90 cells and MRC-5 cells. The cells were treated with Mito-Bor (10 μM) for 30 min
at 37oC before testing. The image collection wavelength range was 700−800 nm (λex = 635 nm). (F) Flow cytometry analysis of IMR-90 cells and
MRC-5 cells in (E). (G) Histogram of the results in figure (F).
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differentiation, matrix synthesis, and contractility, as well as the
mediation of a variety of profibrotic effects. This meant, NOX4
was not only one of the important sources of H2O2 in cells but
also closely related to pulmonary fibrosis.53,54 Therefore, we
employed immunofluorescence to assess the expression of
NOX4 in IMR-90 cells and MRC-5 cells after the treatment of
TGF-β1. As illustrated in Figure 4D, blue fluorescence
indicated nuclei that were stained with Hoechst 33342 and
the bright green fluorescence revealed the high expression of
NOX4 in the two types of cell lines. Compared with the
control group, the prolongation of TGF-β1 treatment resulted
in changes in the cell morphology, including hypertrophied,
elongated, and spindle-shaped (Figure S6). To assess changes
in the intracellular level of H2O2, IMR-90 cells and MRC-5

cells were pretreated with 5 nM TGF-β1 for 24, 48, and 72 h,
respectively. Then both cell lines were incubated with the
Mito-Bor probe for 30 min at 37 °C. The images in Figure 4E
indicate that both cell groups provided stronger fluorescence
intensity than those of control groups, demonstrating the
increased level of H2O2 accompanied by the upregulation of
NOX4. Flow cytometry analyses were well consistent with
changes in fluorescent images (Figure 4F,G). The above results
suggested that the level of H2O2 was positively correlated with
the progress of TGF-β1-induced fibrosis in the IMR-90 and
MRC-5 cell models. Therefore, the abnormally high level of
H2O2 might be utilized to indicate fibrosis degrees.

Effect of Endogenous H2O2 Levels on the Progression
of Fibrosis. To explore the effect of endogenous H2O2 levels

Figure 6. Fluorescence imaging of H2O2 level in bleomycin-induced pulmonary fibrosis bleomycin (BLM) mice models. (A) In vivo imaging and
imaging of isolated organs showing changes in the H2O2 levels in the mice model of pulmonary fibrosis. The models were treated with the Mito-Bor
probe (10 μM, 200 μL, in DMSO/saline = 1:99, v/v) for 1 h via intratracheal spray. In vivo imaging reconstruction from the fluorescence collection
window from 700 to 800 nm (λex = 710 nm). The mice in group a were injected with saline as the control group. Mice in group (b−h) received a
single intratracheal instillation of bleomycin (5 mg/kg) for establishing pulmonary fibrosis models. After 7 days of intratracheal instillation of
bleomycin, the mice in groups d, f, and h were treated with GKT137831 (60 mg/kg, twice a week) via gavage for 14, 21, and 28 days, respectively.
In addition, the mice in group c, e, and g were treated with normal saline (twice a week) via gavage for 1, 2, and 3 weeks as control for group d, f,
and h, respectively. (B) Hematoxylin−eosin staining (H&E) staining of the lung tissues in (A). (C) Masson staining of the lung tissues in (A).
Scale bar: 100 μm in 100× and 25 μm in 400×. (D) Transmission electron microscopy images of the lung tissues in (A). (E) Immunofluorescence
imaging of NOX4 in mice lung tissues in (A). Scale bar: 20 μm. (F) Fluorescence intensities of in vivo imaging in (A). (G) The relative protein
analysis of E-cadherin, α-SMA, and PAI-1 in mice models of pulmonary fibrosis by ELISA.
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during fibrosis progression, fibrotic IMR-90 cells and MRC-5
were cultured in serum-free medium. In the parallel groups, the
two types of cells were stimulated with 5 nM TGF-β1 for 72 h
to induce the formation of fibrosis. Then the two cell lines
were treated with a specific NOX4 inhibitor GKT137831
(GKT, 20 μM) for 48 h to block fibrosis progression. Western
blot analysis was utilized to examine the EMT of the IMR-90
and MRC-5 cells. As demonstrated in Figure 5A, the two cell
lines, which were treated with TGF-β1 displayed decreased
expression of E-cadherin but increased expression of α-SMA.
Compared to the control group, the levels of PAI-1 were also
significantly upregulated. After inhibition of fibrosis pro-
gression by GKT, the cells showed a distinct trend of
upregulation of E-cadherin and downregulation of α-SMA
and PAI-1 (Figure 5B,C). The results suggested that the
treatment with GKT could obstruct the EMT process as well
as collagen deposition to a certain extent. Immunofluorescence
analyses were employed to evaluate the activity of NOX4. As
shown in Figure 5D, IMR-90 and MRC-5 cells in the control
group emitted faint fluorescence, revealing a low level of
NOX4. Upon treatment with TGF-β1, strong green
fluorescence indicated a high level of NOX4 than the cells in
the control group. As expected, the two cell lines in the GKT
treatment group exhibited weaker fluorescence than the TGF-
β1 treated cells. These results proved that the treatment with
GKT might block fibrosis progression by inhibiting the activity
level of NOX4. We next utilized the Mito-Bor probe to assess
changes in the intracellular level of H2O2 in the IMR-90 and
MRC-5 cells. Both cell lines were incubated with the Mito-Bor
(10 μM) for 30 min at 37 °C prior to the laser confocal
imaging and flow cytometry analysis (Figure 5E−G). As shown
in Figure 5E, the control group displayed faint fluorescence;
however, the stimulation of TGF-β1 resulted in strong red
fluorescence emission, indicating high levels of intracellular
H2O2. By suppressing NOX4 using GKT, the fluorescence
intensities of the cells were decreased, implying low levels of
H2O2 in these cell models. The results of flow cytometry
analysis in Figure 5F,G showed a good correlation with the
results of fluorescence imaging. These results demonstrated
that the fibrosis progression would lead to increased H2O2
production. The disruption of fibrosis via GKT inhibition of
NOX4 could decrease the H2O2 level. Therefore, the H2O2
level might directly reflect not only the fibrosis degree but also
the therapeutic effects.
Examination of Changes in H2O2 Levels in Bleomy-

cin-Induced Pulmonary Fibrosis Mice Models. Having
detected changes in the level of H2O2 during fibrosis
progression in cell models, we next applied the Mito-Bor
probe for imaging changes in H2O2 levels in pulmonary fibrosis
mice models. As illustrated in Figure 6, the mice in group a
were injected with normal saline for 7 days as control. All other
mice models of pulmonary fibrosis were established by a single
intratracheal instillation of bleomycin to mice (5 mg/kg) for 7
days. Afterward, the mice in the testing groups d, f, and h were
administrated with GKT137831 (60 mg/kg, twice a week),
and those in control groups c, e, and g were treated with
normal saline via gavage for 14, 21, and 28 days, respectively.
As shown in Figure 6A,F, the Mito-Bor probe (10 μM, 200 μL,
in DMSO: saline = 1:99, v/v) was employed for imaging H2O2.
The mice models were treated with Mito-Bor for 1 h via
intratracheal spray and then imaged via a small animal imaging
system. The control group a emitted faint fluorescence,
indicating the low physiological H2O2 concentration. The

fluorescence intensity of group b was stronger than that of
group a, implying that the level of H2O2 in the lungs increased
after 7 days of treatment with bleomycin. As expected, upon
increasing the time of administration of GKT from day 14 to
21 and 28, the fluorescence intensity of the lungs in groups d, f,
and h became stronger and stronger. The results demonstrated
that with the degree of fibrosis, the level of H2O2 in the lungs
increased. The corresponding GKT therapy groups d, f, and h
exhibited lower fluorescence than the pulmonary fibrosis mice
in groups c, e, and g, suggesting relatively low levels of H2O2.
The results illustrated that the development of fibrosis
contributed to high levels of H2O2, and the oxidative stress
caused by H2O2 would promote the deterioration of the
disease. The NOX4 inhibitor GKT could reduce the level of
H2O2 to a certain extent, and therefore, delay the progress of
pulmonary fibrosis. The positive correlation between the H2O2
level and fibrosis degree might be utilized to evaluate disease
development and the curative effect. Moreover, the result
suggested that during the treatment of pulmonary fibrosis,
additional drugs should be supplemented to control the high
level of H2O2 for reducing the damage caused by oxidative
stress.
We also examined the pathological changes and related

protein expression. Hematoxylin−eosin staining (H&E) and
Masson staining were performed to determine changes in the
lung alveoli and interstitium (Figure 6B,C). In the control
group a, the alveolar wall remained complete. A small number
of inflammatory cells infiltrated the alveolar wall due to the
stimulation of normal saline, and no other fibrotic pathological
changes were observed. For the bleomycin model groups, after
the treatment for 7 days (group b), inflammatory cell
infiltration and alveolar structure disorders were observed
and worsened after 14 days (group c). Until 21 and 28 days
(groups e and g), the alveolar wall became thick following the
disappearance of normal alveolar structure, and the number of
fibroblasts increased with collagen fiber deposition. In the late
stage of fibrosis, the alveolar diaphragm was almost full of blue
collagen fibers. Although histological biopsy of the GKT
treatment groups (groups d, f and h) were similar to those of
the model groups, at each time point, the typical inflammation
infiltration and thickness of alveolar wall were alleviated than
those of the bleomycin model groups, and the deposition of
collagen fibers in the alveolar septum was relatively reduced.
Transmission electron microscopy (TEM) was used to verify
the histological changes in mice models (Figure 6D). Swollen
type II epithelial cells were observed in the tissue of the 7-day
mice model (group b). The mice in the 14-day group (c)
showed swelling of type II epithelial cells, accompanied by the
folding and thickening of the basement membrane. Addition-
ally, microvilli passivation of type II epithelial cells increased
and bundled collagen fibers appeared around alveolar epithelial
cells. However, for the corresponding GKT-treated group d,
only swelling of type I epithelial cells and much fewer collagen
fibers distributed around the epithelial cells were observed.
The 21-day and 28-day groups (e and g) displayed the
accumulation of collagen fibers which would fill the
intercellular spaces. Although the collagen fibers in the GKT-
treated groups (f and h) gradually increased, the pathological
changes were significantly less than those of the model groups
(e and g). These results suggested that the intervention with
GKT could weaken fiber accumulation and delay the
progression of pulmonary fibrosis. Changes in the level of
NOX4 in the mice lung tissues were also confirmed via
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immunofluorescence assay (Figure 6E). The neglectable
fluorescence in control group a implied a low concentration
of NOX4. However, stronger fluorescence was observed in
group b, indicating higher levels of NOX4 after 7 days of
treatment with bleomycin. The gradually increased fluores-
cence in group c, e, and g indicated the increased level of
NOX4 with the increase of time. Upon treatment with GKT,
the weaker fluorescence in group d, f, and h again proved the
inhibition of NOX4 and decelerated fibrosis progression.
Additionally, the fibrosis-relative protein was evaluated with
ELISA. It was observed that the levels of E-cadherin decreased
due to fibrosis progression, while the α-SMA and PAI-1
upregulated. However, the protein changes showed a reverse
trend upon treatment with GKT. These indicated changes in
the severity of fibrosis with treatment, which performed the
same change behavior with the fluorescence changes (Figure
6F,G). In the bleomycin-induced pulmonary fibrosis mice
model, GKT intervention could reduce the level of oxidative
stress in the lungs and could delay the progression of the
disease.

■ CONCLUSIONS
In summary, we have designed and synthesized a mitochon-
dria-targeted near-infrared fluorescent probe Mito-Bor for
detecting changes in the level of endogenous H2O2 in living
cells and in pulmonary fibrosis mice models. The probe
exhibits excellent photochemical stability, high sensitivity, and
selectivity toward H2O2. After confirming the capability of
H2O2 detection in A549 and PC9 cells, the probe is used to
sense fluctuations in the levels of endogenous H2O2 during the
establishment of pulmonary fibrosis cell models. The results
demonstrate that the level of intracellular H2O2 increases
during the progression of fibrosis, while GKT137831, an
inhibitor of NOX4, can downregulate the level of H2O2 and
reduce intracellular oxidative stress, which may be utilized to
weaken the pathological changes and delay the progression in
fibrosis. Finally, the Mito-Bor probe is used to detect changes
in the level of endogenous H2O2 in bleomycin-induced
pulmonary fibrosis mice models. The experimental results
including those of in vivo fluorescence imaging, histological
tissue sections, transmission electron microscopy, and
immunofluorescence, illustrate that changes in the level of
H2O2 are closely related to the progression of pulmonary
fibrosis. Taken together, we have confirmed the critical role of
oxidative stress induced by H2O2 in the progression of
pulmonary fibrosis. Our assay may shed light on the diagnosis
and therapy of pulmonary fibrosis in the future.
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