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ABSTRACT: As important active sites of oxidoreductase in mitochondria, i
: Tk . — — T
selenocysteine (Sec) takes the responsibility for cytoprotective effect and damage AN x4
intracellular redox homeostasis. Carbon disulfide (CS,) is a common frestaton e A
solvent in industry, which can inhibit the activities of oxidoreductase and | ’; J— s i 2|
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effect of Sec against CS, exposure. After integrated, the response moiety [  imection -

2,4-dinitrobenzenesulfonamide and mitochondrial targeting moiety into & "’"': np
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the near-infrared heptamethine cyanine fluorophore, we develop a > — Seeem] /
mitochondrial targeting near-infrared ratiometric fluorescent probe Mito-
diNO, for the selective and sensitive analysis of Sec concentration
fluctuations in living cells and in mice models under the stimulation of CS,. The probe can effectively accumulate in
mitochondria and selectively detect the endogenous Sec concentrations in BRL 3A, RH-35, HL-7702, HepG2, and SMMC-7721
cell lines. The results indicate that CS, exposure can lead to a decrease of Sec level and result in mitochondrial related acute
inflammation. The exogenous supplement of Sec can protect cells from oxidative damage and reduce the symptoms of
inflammation. We also establish CS, induced acute and chronic hepatitis mice models to examine the tissue toxicity of CS, and
cytoprotection of Sec in liver. The organism can increase the concentration of Sec to deal with the damage caused by CS, in
acute hepatitis mice model. Also the exogenous supplement of Sec for the two mice models can effectively defend the CS,
induced liver damage. The real-time imaging of Sec concentrations in liver can be used to assess the degrees of liver injury during
CS, poisoning. The above applications make our probe a potential candidate for the clinical accurate diagnosis and treatment of
CS, poisoning.

Inhalation

elenium is a fascinating trace element which was initially Mitochondrion is the highly dynamic organelle in cells whose
described as a toxin and subsequently recognized as an function is crucial for the maintenance of cellular redox
essential element for health." Now the selenium containing homeostasis.” Despite the protective efforts defended by
species, including selenium-containing amino acids, selenium antioxidant system, it is difficult to avoid oxidative damage
element, hydrogen selenide (H,Se), and selenoproteins (SePs), caused by the uncontrolled generation of reactive oxygen species
have been defined as reactive selenium species.2 Selenium (ROS) in mitochondria, which leads to mitochondrial
benefits for protecting against inflammation and boosting the dysfunction,'® and finally results in a series of diseases, such as
immune system functions.® Its vital biological and biomedical Alzheimer’s disease, strokes, Parkinson’s disease, transient
functions are largely dependent on selenium-containing amino ischemic attack, diabetes, hepatitis, and primary biliary
acids and selenoproteins,4 For examples, thioredoxin reductases cirthosis."* Therefore, to monitor mitochondrial redox state it
(TrxR) play important antioxidant and redox regulatory roles in is critical for researching the occurrence, development, and
catalyzing the NADPH-dependent reduction of thioredoxin as treatment of a series of diseases.
well as other proteins.S However, the active site of TrxR involved Carbon disulfide (CS,) is a common organic solvent, which
in the antioxidant reaction is selenocysteine (Sec).® Moreover, has been widely used in the fields of industry, agriculture, animal
Sec can regulate thyroid metabolism, maintain the cellular redox husbandry, and daily life." CS, can be easily absorbed through
homeostasis, and protect the cell from oxidative damage.” breathing and skin.”” CS, is a widespread enzyme inhibitor with
Therefore, Sec, which has been considered as the first-line against
oxidative stress in cellular antioxidant defense system, plays an Received: March 23, 2018
important role in protecting organism against oxidants and Accepted: June 4, 2018
repairing oxidant induced damage to lipids, proteins, or DNA® Published: June 4, 2018
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cytotoxic effects, which can disrupt the normal metabolism of
cells and interfere cell signal transduction. The exposure of CS,
can lead to Parkinson’s disease, atherosclerosis, coronary heart
disease, hepatitis, and cirrhosis.'* CS, can react with the selenol
group (—SeH), which is the critical active sites of oxidor-
eductases.'” The inhibition of oxidoreductases will hinder the
intracellular redox homeostasis and increase the abnormal level
of ROS. The overproduced ROS can attack the unsaturated fatty
acids in the biofilm and trigger the free radical chain reaction,
which induces severe oxidative damage to major organelles and
causes related diseases.'* Most of these oxidoreductases exist in
mitochondria. However, the pathogenesis of CS, poisoning in
mitochondria is far from clear yet. Therefore, it is necessary to
further study the toxicological role of CS, in mitochondria. Given
the potential relationship between CS, and Sec, we hypothesize
that Sec can be utilized as a biomarker to evaluate redox level
fluctuations upon CS, treatment in living cell and in vivo.

The common methods to quantify Sec concentration basically
include liquid chromatography,'> nuclear magnetic resonance
spectrometry,'® and coupled plasma-mass spectrometry.'”
Although these methods are precise for the detection of Sec,
they usually require sample preparation and unable to achieve in
real-time and in situ detection. Compared with these detection
technologies, fluorescence imaging technology based on
fluorescent probes have been widely used in bioimaging analysis
of biological reactive species, benefiting from its advantages of
highly sensitivity, excellent selectivity, less invasiveness, rapid
response, as well as high spatial and temporal resolution.'*™**
The fluorescent probes designed for the detection of Sec are
dependent on (i) the nucleophilic substitution reaction of 2,4-
dinitrobenzenoxy,%’27 2,4-dinitrobenzenesulfonamide,”*>* and
selenium—nitrogen bond;*® (ii) addition reaction of acrylate;‘”6
(iii) as well as the selenjum—sulfur exchange reaction.”’
However, as far as we known, there is no probe targeting in
mitochondria for the quantification and evaluation of Sec-
protective effect on CS,-induced acute/chronic hepatitis. For the
propose of in vivo imaging, the near-infrared (NIR) fluorescent
probe is desirable because the NIR fluorescence allows deep
tissue penetration, decreases photodamage to the organism, and
has low absorbance by intrinsic water, lipids, as well as heme of
myoglobin and hemoglobin.”*~*° The ratiometric analysis of the
spectra at the two emission channels can effectively avoid
interference induced by the excitation/emission efficiency and
changeable element from inhomogeneity loading or uneven
distribution of the probe as well as environmental states.*""** For
the design of a Sec probe, few ratiometric NIR fluorescent probes
have been reported for the imaging of Sec in living cells and in
vivo.”” Therefore, we want to develop a ratiometric NIR
florescent probe for the sensitive and selective quantification of
Sec level changes in mitochondria as well as evaluation the
relationship between Seclevels and inflammation degrees in CS,-
induced acute/chronic hepatitis.

Herein, we reported a NIR ratiometric fluorescent probe
(Mito-diNO,) for selective quantification of Sec concentration
changes during mitochondria related inflammation and acute/
chronic hepatitis. The probe was composed of three moieties:
heptamethine cyanine as the signal transduction unit, 2,4-
dinitrobenzenesulfonamide as the response unit, and lipophilic
triphenylphosphonium cation (PPh;*) as mitochondrion target-
ing unit (Scheme 1). Mito-diNO, could fast response to Sec
within 4 min without disturbance caused by other reactive sulfur
species (RSS). Also, the probe could effectively locate in
mitochondria and sensitively analysis the endogenous Sec
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Scheme 1. Molecular Structure of Mito-diNO, and Its
Proposed Response Mechanism Towards Selenocysteine
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concentration fluctuations. Using Mito-diNO,, we effectively
investigated the Sec protective effect in CS, induced
mitochondria related inflammation. Furthermore, we utilized
Mito-diNO, to detect the Sec concentration changes in CS,
induced acute/chronic hepatitis stages and evaluate the relevance
between Sec concentrations and CS, induced organ damage
degrees.

B EXPERIMENTAL SECTION

Establishment of CS, Induced Cell Models and Acute/
Chronic Hepatitis Mice Models. The mitochondrial related
acute inflammation model was established by addition of 1 yM
CS, for 6 h in SMMC-7721 cells. The acute hepatitis mice
models were induced by intraperitoneal (i.p.) injection of CS,
(0.6 mL/kg, 50% v/v in liquid paraffin) for 6, 12, 18, and 24 h,
respectively.”” The chronic hepatitis mice models were
established by inhaled 5% CS, (at air flow rate with 40 mL/
min for 1 h, qd) for 1 month, 2 months, 3 months, and 4 months,
respectively. The therapy groups of acute hepatitis mice were
pretreated with 500 pug/kg (Sec), (ip.) in PBS qd for 8 weeks
before ip. injection of CS,. The therapy groups of chronic
hepatitis mice were pretreated with S00 pg/kg (Sec), (ip.) in
PBS qd for 8 weeks before the inhalation of CS,. And 500 ug/kg
(Sec), (ip.) in PBS was continued to be given before the
inhalation of $% CS, (at air flow rate with 40 mL/min for 1 h, qd)
for 1 month, 2 months, 3 months, and 4 months, respectively.

Laser Scanning Confocal Imaging. Cell images in Figure
1, Figure 2a, and Figure 3a were obtained through confocal laser-
scanning microscope (Olympus FV1000) with an objective lens
being 60 or 40. We selected 730 nm for channel 1 and 635 nm for
channel 2 as the excitation wavelength, respectively. The living
cells were plated on culture plate (® = 20 mm) for 24 h at 37 °C
in an atmosphere of 5% CO, and 95% air before imaging. The
cells were incubated with probe Mito-diNO, (10 M) in the
culture plates which were filled with fresh complete medium (1
mL) before imaging.

Flow Cytometry Analysis. The cells were cultured at 2.0 X
10° cells/well in 6-well plates and then treated with probes as
described in the paper. After harvest, cells were washed and
suspended in fresh complete medium and analyzed by flow
cytometry. For channel 1, the excitation wavelength was selected
730 nm and the collected wavelengths were selected 750—810
nm. For channel 2, the excitation wavelength was selected 633
nm and the collected wavelengths were selected 650—670 nm.

In Vivo Imaging. C57BL/6 mice were kept in equal light/
dark and were free to water and food. A PerkinElmer IVIS
Lumina XR Series III system was utilized for in vivo imaging.
Before imaging, the probe Mito-diNO, (10 uM, 50 yL, in 1:99
DMSO/saline, v/v) was injected through the portal vein into
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Figure 1. Intracellular localization of Mito-diNO, in HeLa cells. All the tested cells were prestained with Hochest 33342 (1 yg/mL, 30 min), Rhodamine
123 (1 pg/mlL, 15 min), and Mito-diNO, (10 #M, 2 min) at 37 °C before imaging.
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Figure 2. Quantitative application of Mito-diNO, to endogenous Sec generation in living BRL-3A, BH-35, HL-7702, HepG2, and SMMC-7721 cells by
confocal imaging and flow cytometry analysis. (a) Pseudocolor ratio images of endogenous Sec generation in BRL-3A, BH-35, HL-7702, HepG2, and
SMMC-7721 cells at different time points: 0 min, 0.5 min, 1.0 min, 1.5 min, 2.0 min, 2.5 min, 3.0 min, 3.5 min, and 4.0 min by confocal laser-scanning
microscope with an objective lens (X40). Fluorescence collection windows for channel 1, 770—800 nm (A, = 730 nm); channel 2, 650—750 nm (4,, =
635 nm). (b) Plots of average ratio intensities of Mito-diNO, against time. Cell number n = 7. (c) Flow cytometry analysis and (d) corresponding mean
ratio intensities at time points: 0 and 4.0 min. The experiments were repeated three times and the data were shown as mean (#s.d.).

liver. Isoflurane was used as the anesthetic throughout the
process.

Synthesis and Characterization of Probe. As shown in
Scheme S1, compound 2 was synthesized by compound 3 and 4,
which has been previously synthesized by our group.** The
compound 2 (0.1 mmol, 100 mg) was added in a solution of Et;N
(0.1 mmol, 10.1 mg) and CH,Cl, (5 mL) under Ar
atmosphere.’” 2,4-Dinitrobenzenesulfonyl chloride (0.12
mmol, 31.9 mg) in 6 mL of CH,Cl, was slowly added to the
above mixture. The resulting solution was stirred at room
temperature for overnight. After the reaction completed, the
mixture was extracted with CH,Cl,. Then the organic phase was
desiccated with dry Na,SO,, the organic phase (CH,Cl,) was
concentrated. Purification by silica gel column chromatography
(200—300 mesh) with gradient eluent CH;OH and CH,Cl,
(0:100—15:85, v/v) to obtain green solid (compound 1). 'H
NMR (500 MHz, CDCly-d,) 8(ppm): 8.63—8.60 (m, 2H),
8.55—8.49 (m, 1H), 8.19—-8.18 (m, 1H), 7.99—7.70 (m, 22H),
7.53—7.46 (m, 1H), 7.24—7.20 (m, 2H), 7.19—7.06 (m, 1H),
7.88—7.80 (m, 1H), 5.81-5.78 (d, 2H), 5.77 (s, 1H), 5.70 (s,
1H), 5.18 (s, 2H), 4.91—4.89 (t, 2H), 4.70—4.66 (q, 2H), 4.42—
3.38 (t, 2H),4.13-4.09 (q, 2H), 3.98 (s, 3H), 3.10—3.06 (m,
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1H), 2.45-2.36 (m, 2H), 2.28—2.47 (m, 2H), 1.72—1.52 (m,
10H), 1.35—1.20 (m, 12H). *C NMR (125 MHz, CDCl;-d,),
5(ppm): 169.03, 166.96, 157.48, 153.86, 150.11, 140.41, 14.01,
139.23, 135.25, 135.02, 133.78, 132.13, 130.71, 130.35, 129.56,
126.28, 126.02, 116.14, 115.97, 112.05, 108.87, 108.27, 92.52,
63.78, 61.56, 53.26, 51.12, 36.46, 35.16, 33.16, 32.20, 29.19,
29.01, 24.86, 23.06, 19.92, 10.59, 10.03. GC-MS (APL-ES): m/z
C.,H,sNO,PS* calcd 1226.5206; found, [M]** 613.2603.

B RESULTS AND DISCUSSION

Design and Synthesis of Mito-diNO,. To design a
desirable fluorescent probe for the selective detection of selenol,
we first examined the chemical properties of Sec. Although there
exists quite distinct pK, between biothilos and bioselenols at
physiological pH (7.40), for example, the pK, of RSeH is ~5.2,
the pK, of cysteine (Cys) is ~8.29, and the pK, of glutathione
(GSH) is ~8.75,">* the concentrations of thiols (GSH as
representative) are at millimolar per liter (mM) and the
concentrations of selenol (Sec as representative) are at
micromole per liter (uM) in living cells."” The deprotonated
anion (RS™) may be much more than RSe~ in living cells, which
brings a big challenge for the selective detection of selenol in

DOI: 10.1021/acs.analchem.8b01306
Anal. Chem. 2018, 90, 8108—8115


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b01306/suppl_file/ac8b01306_si_005.pdf
http://dx.doi.org/10.1021/acs.analchem.8b01306

Analytical Chemistry

a ontrol (Sec), _ B € Control (Sec), CS, (Sec),+CS, f
) e - p-ERK

!

ol ° = °
0 10 10' 10 10° 0 10' 10° 10' 10° 0 10* 10° 10° 10° 0 10' 10' 10° 10°
8 8 8 8

bt
1
1

Counts
Counts

ek
EX
PNFABPES i i EIm

R T R T T T R S S T
c 12 dlz
B —
S oM [
i 5. | H <
0 \ [ 42_ B-actin

" 0
Control  (Sec), CS, (Sec),+Cs, Control  (Sec), CS, (Sec),+CS, (kDa)

.

8 1o hio I 10 jg 10 Kk 10
| Control Py 3 B Control kkk -9 B Control ]

X T (Sec), ©@ z N (Sec), ] N (Sec), w

& .S, e 2 - CS, ¥ 13 H

S | M (seq),+ s, 2 S [ . (sea e cs, H] T (Sec) + €5, =

- ) ) a )

2 s ° - ®

S 05] 205 305 Sos 305

H - 4 ] * e}

- ® @ £ 4

° 2 2z 3 2

2 s s 3 s

= ] K 2 ]

7} 4 3 = 4

00 00 00 00 00

Figure 3. Evaluation the relationship between Sec concentration and mitochondrial related acute inflammation in SMMC-7721 cells. The cell were
incubated with 10 uM (Sec), for 24 h, or 1 uM CS, for 6 h, or 10 uM (Sec), for 24 h before the treatment of 1 uM CS, for 6 h, respectively. Mito-diNO,
(10 uM) was added for 4 min at 37 °C before confocal imaging and flow cytometry analysis. (a) Pseudocolor ratio images of Sec concentration. (b) Flow
cytometry analysis for quantitative application. (c) The ratio of mean ratio fluorescence intensities in part a. (d) The ratio of mean fluorescence
intensities of two different detection channels in part b. (e) Western blotting analysis of p-ERK (phospho-ERK), p-p38 (phospho-p38), p-JNK
(phospho-JNK), p-NF-kB p6S (phospho-NF-kB p65), and TNF-a. Relative molecular mass of proteins (kDa) is displayed on the left. -Actin was
chosen as a loading control. (f) Scheme of CS, induced mitochondrial related inflammation signal transduction pathways. (g) Densitometric analysis of
the expression of p-ERK protein. (h) Densitometric analysis of the expression of p-p38 protein. (i) Densitometric analysis of the expression of p-JNK
protein. (j) Densitometric analysis of the expression of p-NF-kB p6Sprotein. (k) Densitometric analysis of the expression of TNF-a protein. The data
were expressed as mean = s.d. (n = 7). To analyze the difference, one-way ANOVA and Bonferroni post-test were performed. *P < 0.0S, **P < 0.01, or
*#%P < 0.001 vs control group.

living system without the interferences from biothiols. Therefore, Mito-diNO, were investigated at 37 °C in 10 mM HEPES, pH
the choice of response moiety is pivotal. 2,4-Dinitrobenzenesul- 7.4. As shown in Figure S1a, the free probe exhibits the maximum
fonate ester has been developed to response biothiols in living absorption wavelength at 790 nm (&0, = 1.51 X 10* M~}
cells.”® However, 2,4-dinitrobenzenesulfonamide, which exhibits cm™"). However, the maximum absorption wavelength shifted to
a weaker electrophilic behavior, is a promising candidate for the 610 nm (€600 = 3.36 X 10* M™! cm™), upon the addition of
detection of Sec, considering that selenols own stronger Sec. Also, the solution color changed from green to blue,
nucleophilic ability than thiols.”**’ The NIR heptamethine concomitantly (Figure S1a). The fluorescence at 780 nm (®g4,,.,
cyanine dye is selected as the fluorophore. The facile modulation = 0.03) gradually decreased, and simultaneously, a new emission
of different electrondonating donors on cyanine fluorophore can band at 744 nm (@4, = 0.15) emerged and enhanced upon the
lead to internal charge transfer (ICT) and then induce the addition of Sec (Figure S1b,c). The fluorescence intensity ratio
emission spectrum blue/red shift, which result in a ratiometric (F744nm/ Fr300m) Was positively correlated with the Sec concen-
fluorescent probe.’® Moreover, the substitution on the meso- tration (Figure S1d inset). Mito-diNO, could selectively detect
position of cyanine will result in a bulky steric hindrance, which Sec without interference by other species (Figure Slef and
can block the reaction with SePs and benefit for selectivity. The Figure S2). The result in Figures S1—S3 demonstrated that our
introduction of PPh;" moiety can lead probe Mito-diNO, to probe could be a potential tool for qualitative and quantitative

gathering in mitochondria.”*> Now, the desirable NIR analysis of Sec under physiological conditions.
fluorescent probe Mito-diNO, was completely constructed for Capability of Localization in Mitochondria. We planned
the imaging of Sec in living cell and in vivo. The molecular to examine the possible application of Mito-diNO, for the
structure of our probe Mito-diNO, and its detection mechanism detection of Sec concentration fluctuation in living cells. To
for Sec were described in Scheme 1. Sec would nucleophilic react assess intracellular Sec concentration fluctuations, human
with 2,4-dinitrobenzenesulfonamide, break the amide bond, and epitheloid cervix carcinoma cell line (HeLa) was selected as
release the fluorophore Mito-Cy with obvious blue shift in the cell model. MTT assays were carried out to test the
emission spectral. The synthesis route of probe has been cytotoxicity of Mito-diNO, prior to cell tests. The cells viability
described in the Experimental Section. showed high values (Figures S4 and S6), indicating that probe
Spectral Characteristics and Selectivity. The spectro- Mito-diNO, has low cytotoxicity to cultured cells. All the HeLa
scopic absorption and emission characteristics of the probe cells were prestained with Mito-diNO, (10 M, 2 min) at 37 °C
8111 DOI: 10.1021/acs.analchem.8b01306
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before imaging (Figure 1). The fluorescence images in channel 1
(ch1, 785 + 15) nm and channel 2 (ch2, 700 + 50) nm were
excited by 730 and 635 nm, respectively. The ratiometric images
were obtained by the ratio fluorescence emission intensity of
channel 2 vs channel 1. The fluorescence image of Mito-diNO,
in channel 1 was displayed in Figure 1. When the probe captured
the intracellular Sec, fluorescence in channel 2 were emitted. Co-
staining experiments were carried out to verify the mitochondrial
location potential of Mito-diNO,. We selected commercial
mitochondrial dye (Rhodamine 123) and nucleus dye (Hochest
33342) to detect mitochondrial targeting ability of Mito-diNO,
in HeLa cells. As shown in Figure S7b, the cells were incubated
with Rhodamine 123 (1 ug/mL, 1S min), and the images were
collected through green channel (4., = 515 nm, A, = 575 + 25
nm). Also, the cells were stained with Hochest 33342 (1 yug/mL,
30 min) and the images were acquired through the blue channel
(Aex = 40S nm, A, = 450 + 30 nm) (displayed in Figure S7c).
The merged images of red and blue channel exhibited no overlap
between Mito-diNO, and the nucleus dye Hochest 33342. While
in the merged images of the red and green channel, the probe
Mito-diNO, showed an excellent anastomosis with Rhodamine
123. The intensity distribution of Mito-diNO, and rhodamine
123 exhibited a high correlated plot with a high Pearsons’s
coefficient Rr = 0.995. The intensity profiles of the white arrow
regions of interest across HeLa (merge of red, green, and blue
channels) exhibited in full synchrony. The above results showed
that Mito-diNO, could stain mitochondria Sec with high
selectivity in living cells.

Quantification of Sec in Living Cells. To evaluate the
potential utility of Mito-diNO, for qualitative and quantitative
analysis of mitochondrial Sec, rat liver cell line (BRL 3A), rat
hepatoma cell line (RH-35), human normal liver cell line (HL-
7702), human hepatocellular liver carcinoma cell line (HepG2),
and human hepatocellular carcinoma cell line (SMMC-7721)
were selected as test models. As shown in Figure 2a, the ratio
fluorescence intensities increased during 0—4.0 min in BRL 3A,
RH-3, HL-7702, HepG2, and SMMC-7721 cells. However, the
mean ratio fluorescence intensities in the five different cell lines
are distinct (Figure 2b), which illustrated that different cell lines
contained different levels of Sec. We selected the time point at 4.0
min to access the Sec concentrations in the five types of cells.
F annel 2/channel 1 Was 9.8, 7.75, 9.17, 6.97, and 6.67 for BRL 3A,
RH-3, HL-7702, HepG2, and SMMC-7721 cells, respectively.
Based on the equation in Figure S1d, the Sec concentrations were
determined as 4.30 + 0.11 uM, 3.42 + 0.16 uM, 4.03 + 0.30 uM,
3.08 + 0.40 #M, and 2.95 + 0.22 uM, correspondingly. The flow
cytometry analysis was carried out at time points of 0 and 4.0 min
(Figure 2¢,d). The concentrations of Sec in BRL 3A, RH-3, HL-
7702, HepG2, and SMMC-7721 were determined as 4.37 + 0.15
M, 3.48 + 0.18 uM, 4.13 + 0.20 M, 3.11 + 0.30 1M, and 2.98
+ 0.12 M, respectively (Figure 2e). The results obtained from
ratio images and flow cytometry were well consistent, which
confirmed the quantitative application of our probe Mito-diNO,
in living cells.

Protective Effects of Sec on CS, Induced Mitochondrial
Inflammation. Since our probe had been successfully applied to
quantify endogenous Sec concentration in mitochondria, we
tried to evaluate the protective effect of Sec in CS, induced
mitochondrial related inflammation. (Sec), is reported as a Sec
donor to protect cells from cell inflammation injury, which can
promote Sec generation in living cells.”” As shown in Figure 3a,
the treatment of 10 yuM (Sec), for 24 h showed strong ratio
fluorescent signal, which implied the increased Sec concentration
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in mitochondria. The next group was treated with 1 uM CS, for 6
h before imaging. Also, the addition of CS, reduced the ratio
fluorescent signal in Figure 3a, demonstrating the decreased
mitochondrial Sec level. The last group was pretreated with 10
UM (Sec), for 24 h before the addition of 1 uM CS, for 6 h. The
ratio intensity was higher than the CS, treated group. The results
indicated that the pretreatment of (Sec), could effectively
prevent mitochondrial Sec decrease. The results obtained from
confocal imaging (Figure 3a,c) were well consistent with flow
cytometry analysis (Figure 3b,d). The results demonstrated that
our probe could detect the mitochondrial Sec concentration
changes.

The decrease of Sec concentration disturbed the redox balance
and then may activate mitochondrial inflammatory response.
Therefore, we further investigated CS, induced mitochondrial
inflammatory signaling pathway. Mitogen-activated protein
kinases (MAPKs) are composed of a family of protein kinases
which function and regulate a vast array of physiological
processes, including inflammation.”® The MAPKs are regulated
by a characteristic phosphorelay system in which a series of
protein kinases phosphorylate and activate one another.”*
Oxidative stress and pro-inflammatory factors can induce the
activation and phosphorylation of extracellular regulated protein
kinases (ERK), c-Jun N-terminal kinase (JNK), and p38.°* As
shown in Figure 3e,g, the addition of CS, activated the ERK
phosphorylation, while the pretreatment of (Sec), effectively
inhibited the ERK phosphorylation. As shown in Figure 3eh,j,
the expressions of p-p38 and p-JNK were consistent with the
expression levels of p-ERK. The activation of ERK, JNK, and p38
will further stimulate the phosphorylation of nuclear factor kappa
B (NF-kB).”> As shown in Figure 3e,j, the addition of CS,
upregulated the expression of p-NF-kB p6S. However, the cells
preincubated with (Sec), before treatment with CS, show a
lower level of p-NF-kB p6S expression. The induction of NF-xB
could enhance the secretion of tumor necrosis factor-a (TNF-a),
which would further induce acute inflammation. As shown in
Figure 3ek, the expression of pro-inflammatory cytokines TNF-
a was higher in the CS, treatment group and the levels of TNF-a
expression were negatively correlated with the concentrations of
Sec. The results demonstrated that CS, could deplete the
concentrations of Sec and disturb the redox homeostasis of
mitochondrion, then induce the phosphorylation of ERK, p38,
and JNK (Figure 3f). The phosphorylation of the MAPKs
activated NF-kB p65 and then induced the secretion of pro-
inflammatory cytokines TNF-a, which would cause acute
inflammation. The result demonstrated that our probe could
be used to potentially indicate the changes of Sec concentration
in CS,-induced mitochondrial related acute inflammation.

Evaluation of Sec Protective Effects on CS, Induced
Acute and Chronic Hepatitis Mice Models. We next
employed our probe to evaluate the protective effects of Sec
on CS, induced acute and chronic hepatitis mice models. The
esatablishment of the acute and chronic hepatitis mice models
were shown in Figure 4. Acute hepatitis mice model in group b, ¢,
d, and e were induced by i.p. injection of CS, (0.6 mL/kg, 50% v/
v in arachis oil) for 6, 12, 18, and 24 h, respectively. Also, the
chronic inflammation mice models in groups f, g, h, and i were
established by inhaling 5% CS, (at air flow rate with 40 mL/min
for 1h, qd) for 1 month, 2 months, 3 months, and 4 months. The
therapy groups (j—n) for acute hepatitis were pretreated with
500 ug/kg (Sec), (ip.) in PBS qd for 8 weeks throughout the
experiment and suffered the same performance as acute hepatitis
mice models for imaging. The therapy groups (o—r) for chronic
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Figure 4. Illustration of the experimental protocol and the construction
of CS, induced acute/chronic hepatitis mice models and therapy mice
models. (a) Acute hepatitis mice models were induced by i.p. injection of
CS, (0.6 mL/kg, S0% v/v in arachis oil) for 6, 12, 18, and 24 h,
respectively. Chronic hepatitis mice models were established by inhaling
5% CS, (at air flow rate with 40 mL/min for 1 h, qd) for 1 month, 2
months, 3 months, and 4 months, respectively. (b) The therapy groups
of acute hepatitis mice were pretreated with 500 ug/kg (Sec), (i.p.) in
PBS qd for 8 weeks before i.p. injection of CS,. The therapy groups of
chronic hepatitis mice were pretreated with 500 ug/kg (Sec), (ip.) in
PBS qd for 8 weeks before the inhalation of CS,. Also, 500 ug/kg (Sec),
(i.p.) in PBS was continued to be given daily before the inhalation of 5%
CS, (at air flow rate with 40 mL/min for 1 h, qd) for 1 month, 2 months,
3 months, and 4 months, respectively.

hepatitis mice were pretreated with S00 pg/kg (Sec), (ip.) in
PBS qd for 8 weeks before the inhalation of CS,. Also, 500 pg/kg
(Sec), (ip.) in PBS was continued to be given daily before the
inhalation of $% CS, (at air flow rate with 40 mL/min for 1 h, qd)
for 1 month, 2 months, 3 months, and 4 months, respectively.
The mice were given injection with the probe Mito-diNO, (10
UM, 50 uL, in 1:99 DMSO/saline, v/v) through the portal vein
into liver to image the level changes of Sec. The representative
fluorescent images (pseudocolor) in liver (Figure Sa) were
acquired from channel 1 (with an excitation filter of 730 nm, and
an emission range of 780—800 nm) and channel 2 (with an
excitation filter of 600 nm, and an emission range of 680—730
nm). The ratios of the mean number of photons channel 2 vs
channel 1 in Figure 5a were shown in Figure S10. As shown in
Figure Sa and Figure S8, the ratio signal in group b was higher
than that of group a, which demonstrated the increased
generation of Sec during 6 h after CS, ip. injection. However,
the ratio signals substantially decreased in group ¢, d, and e,
which indicated the decrease of Sec level along with the
stimulation time. The results implied that in acute inflammatory
stage, Sec concentration increased at 6 h and then decreased,
probably resulting from the self-protection of organisms faced
with acute hepatitis as we previously reported.’” Different from
the groups of acute hepatitis, the concentrations of Sec in chronic
hepatitis groups continued to decrease. As expected, the
relatively stable ratio signals in the therapy groups indicated
that the concentrations of Sec had been effectively supplemented
(Movies I, II, III, and IV).

The degrees of liver injury of CS, induced acute and chronic
hepatitis mice models were confirmed via hematoxylin-eosin
staining (H&E) section, TdT-mediated dUTP nick end labeling
(TUNEL) staining, Masson staining, and transmission electron
microscopy (TEM). H&E section was carried out to illustrate
changes of pathological morphology in liver. The acute hepatitis
mice models in groups c—e showed more severe ballooning
degeneration and cell death, while the chronic hepatitis mice
models in groups f—i displayed more serious hepatic fibrosis
(Figure Sb). TdT-mediated dUTP nick end labeling (TUNEL)
staining was carried out to indicate the cleavage of DNA and the
cell apoptosis degrees. As shown in Figure Sc, heavy DNA
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cleavages were observed in group c—e. The degrees of DNA
cleavage could be ordered: b < ¢ < d < e. In groups f—i, DNA
cleavage increaed along with the time of CS, stimulation, and the
degrees of DNA cleavage were ordered: f < g <h < i. Group e
showed much more apoptosis than that in group i, which resulted
from high dose of CS, stimulation in a short time. The degree of
apoptosis was negatively correlated with the concentration of
Sec. Masson staining was performed to evaluate the collagen
deposition. In chronic hepatitis mice groups (groups f—i), much
more collagen was stained than those in the acute hepatitis
groups b—e (Figure 5d). Transmission electron microscopy
(TEM) was employed to evaluate the subcellular organelle
damages. Cellular lipid globules and mitochondrial swelling were
observed in the acute hepatitis mice groups c—e (Figure Se).
However, in the chronic hepatitis mice groups, cellular lipid
globules gradually disappeared. Meanwhile, mitochondria and
endoplasmic reticulum suffered more serious swelling in groups
hand i (Figure Se). These pathological results demonstrated that
the high dose exposure of CS, in short-term led to severe acute
hepatitis, and inhalation of CS, in long-term resulted in chronic
hepatitis. The results of therapy groups illustrated that Sec could
effectively reduce the cytotoxicity and tissue damage caused by
CS, (Figure Sb—e).

We next evaluated several serum markers to investigate the
liver functions in CS, induced acute/chronic hepatitis mice
models. When hepatocytes were damaged, the levels of alanine
aminotransferase (ALT) and aspartate transaminase (AST)
would increase in serum. As shown in Figure 5f,g, the levels of
ALT and AST increased with the degrees of acute hepatitis. They
were kept relative high values during the chronic hepatitis
process than the acute hepatitis process. Albumin (ALB) was a
nutritional biomarker, which was related to liver function and
consumption. As shown in Figure 5i, the mice in group i showed
significant decrease than any other groups owing to the long-
term liver dysfunction. The level of globulin (GLB) reflected the
immune state of the organism. As shown in Figure Sh, GLB level
increased in both acute and chronic hepatitis mice models,
especially in the acute hepatitis mice model (Figure 5i). The
result demonstrated strong immune response in acute
inflammation period. Total bilirubin (TBIL) level was monitored
to reveal the ability of liver eliminating bilirubin. The acute
hepatitis groups showed an increase of TBIL level depending on
the stimulation time, while the chronic hepatitis mice suffered
from long-term high hyperbilirubinemia (Figure Sj). Serum
alkaline phosphatase (ALP) levels, glutamyl transpeptidase
(GGT) levels, and lactate dehydrogenase (LDH) levels implied
liver metabolic function. The levels of ALP, GGT, and LDH
showed quick increase (Figure Sklm), which illustrated the
acute damage of inflammation in groups b—e. Also, the sustained
exposure of CS, in groups f—i resulted in abnormal increases. For
the therapy group j—r, the supplement of Sec could relieve the
symptoms of hepatitis caused by CS,.

H CONCLUSION

In summary, we develop a ratiometric NIR fluorescent probe for
the quantification and evaluation of Sec-protective effect against
CS, induced cell and liver injury. The probe Mito-diNO, is
composed of three moieties: NIR heptamethine cyanine as the
fluorescence transducer, 2,4-dinitrobenzenesulfonamide as the
response unit, and PPh;" as the mitochondrial targeting unit. The
probe Mito-diNO, can rapidly respond to Sec within 4 min
without interferences from RSS, ROS, RNS, metal ions, and
anions. The probe can well target in mitochondria and quantify
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Figure S. Evaluation of Sec in acute/chronic hepatitis mice models and therapy mice models. (a) In vivo imaging: Group a, control; Group b, CS,
induced 6 h acute hepatitis BALB/c mice; Group ¢, CS, induced 12 h acute hepatitis BALB/c mice; Group d, CS, induced 18 h acute hepatitis BALB/c
mice; Group e, CS, induced 24 h acute hepatitis BALB/c mice; Group £, CS, induced 1 month chronic hepatitis BALB/c mice; Group g, CS, induced 2
months chronic hepatitis BALB/c mice; Group h, CS, induced 3 months chronic hepatitis BALB/c mice; Group i, CS, induced 4 months chronic
hepatitis BALB/c mice; Groups j—n were pretreated with S00 ug/kg (Sec), (i.p.) in PBS qd for 8 weeks before the same treatment of Groups a—i.
Groups o—r were pretreated with 500 ug/kg (Sec), (i.p.) in PBS qd for 8 weeks. Also, then 500 ug/kg (Sec), (i.p.) in PBS was continued to be given
daily before the inhalation of 5% CS, (at air flow rate with 40 mL/min for 1 h, qd) for 1 month, 2 months, 3 months, and 4 months, respectively. The
mice were given injection with the probe Mito-diNO, (10 M, 50 uL, in 1:99 DMSO/saline, v/v) through portal vein into liver for 15 min before
imaging. (b) Regional TUNEL staining in the liver. Scale bar: 100 ym. (c) TEM micrographs of liver tissues. Scale bar: 1 ym. (d) Masson’s stained slice
of liver tissues. Scale bar: 100 ym. (e) H&E stained liver tissues histopathology images. Scale bar: 100 ym. (f) Serum ALT levels, (g) serum AST levels,
(h) serum ALB levels, (i) serum GLB levels, (j) serum TBIL levels, (k) serum ALP levels, (1) serum GGT levels, and (m) serum LDH levels. The data

were expressed as mean = s.d. of seven experiments.

the Sec concentrations in BRL 3A, RH-35, HL-7702, HepG2,
and SMMC-7721 cell lines. The probe has been successfully
applied to detect the Sec concentration changes in CS, induced
mitochondrial related acute inflammation. The results illustrate
that Sec is important to protect cells from inflammation. The
utilization of Mito-diNO, to evaluate CS, induced Sec
concentration fluctuation in acute and chronic hepatitis mice
models further reveals the protective effects of Sec. We hope that
our probe can be used as a potential chemical tool in accurate

diagnosis and treatment of CS, exposure.
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