Showcasing research from Professor Wu'’s laboratory,
School of Public Health, Nantong University, P. R. China.

A dual-responsive ratiometric indicator designed for in vivo
monitoring of oxidative stress and antioxidant capacity

A dual-responsive indicator, comprising two adjustable
quinolinium units, demonstrated outstanding selectivity and
sensitivity for H,O, and NAD(P)H in living cells. This indicator
was subsequently employed to evaluate the cellular oxidative
stress and antioxidant capacity in cardiac muscle cells

and liver cells during the occurrences of acute myocardial
infarction and exposure to trichloroethylene. The precise
detection of H,0, and NAD(P)H in vivo further expands its
potential application in other disease metabolomics research.
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A dual-responsive ratiometric indicator designed
for in vivo monitoring of oxidative stress and
antioxidant capacityt

Majun Yang,® Weida Zhu, Yilin Lv,? Bin Jiang,? Chenxia Jiang,¢ Xiaobo Zhou,?
Guo Li, ©2 Yuling Qin, ©2 Qi Wang,*? Ziwei Chen*® and Li Wu © *2

The imbalance between oxidative stress and antioxidant capacity is strongly associated with the
development of numerous degenerative diseases, including cardiovascular diseases, diabetes,
neurodegenerative diseases, and cancer. Therefore, monitoring oxidative stress and antioxidant
capacity in vivo is crucial for maintaining cellular homeostasis and the stability of the organism’s internal
environment. Here, we present the findings of our study on DQ1, a dual-responsive indicator designed
specifically for imaging H,O, and NAD(P)H, which are critical indicators of oxidative stress and
antioxidant capacity. DQ1 facilitated the colorimetric and fluorescence detection of H,O, and NAD(P)H
in two well-separated channels, exhibiting a detection limit of 1.0 uM for H,O, and 0.21 nM for NAD(P)
H, respectively. Experiments conducted on living cells and zebrafish demonstrated that DQ1 could
effectively detect changes in H,O, and NAD(P)H levels when exposed to exogenous hypoxic conditions
and chemical stimuli. Furthermore, the effectiveness of the as-fabricated indicator was investigated in
two distinct mouse models: evaluating H,O, and NAD(P)H levels in myocardial cell dysfunction during
acute myocardial infarction and liver tissue damage under trichloroethylene stress conditions. In vivo
experiments demonstrated that the levels of the two cardiac biomarkers increase progressively with the
development of myocardial infarction, eventually reaching a steady state after 7 days when the
damaged cells in the infarcted region become depleted. Moreover, during 14 continuous days of
exposure to trichloroethylene, the two biomarkers in liver tissue exhibited a sustained increase,
indicating a significant enhancement in intracellular oxidative stress and antioxidant capacity attributed
to the mouse liver's robust metabolic capacity. The aforementioned studies underscore the efficacy of
DQ1 as a valuable tool for scrutinizing redox states at both the single-cell and biological tissue levels. It
presents significant potential for investigating the dynamic alternations in oxidative stress and
antioxidant capacity within disease models as the disease progresses, thereby facilitating a more
profound comprehension of these processes across various disease models.

cells. However, excessive ROS levels can cause cellular damage
to lipids, proteins, and DNA as well as other cellular compo-

Reactive oxygen species (ROS) are chemical molecules that are
endogenously generated by living organisms during physiolog-
ical cellular metabolism. They may also arise as a result of
environmental factors, such as exposure to air pollutants or
ozone." The presence of ROS in low to moderate concentrations
plays crucial roles in various physiological processes within
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nents.>® To mitigate the deleterious effects of ROS, aerobic
organisms have developed intricate antioxidant defense
systems. These systems comprise a combination of enzymatic
and nonenzymatic antioxidants that collaborate synergistically
to counteract excessive ROS and maintain cellular homeo-
stasis. However, under certain pathological conditions or
exposure to high levels of environmental pollutants, the anti-
oxidant systems can become overwhelmed, resulting in the
accumulation of ROS and an increase in oxidative stress.” The
disparity between the generation of ROS and the ability of
antioxidants to counteract them is referred to as “redox
imbalance”.® Redox imbalance is implicated in the pathogen-
esis and progression of a wide range of pathological conditions,
including but not limited to cancer,” neurological disorders
(such as Alzheimer's and Parkinson's disease),® atherosclerosis
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(the buildup of plaque in arteries),” hypertension,'® ischemia/
reperfusion injury (damage caused by the interruption and
restoration of blood flow),"* diabetes,'” and idiopathic pulmo-
nary fibrosis,” among others. Therefore, monitoring in vivo
oxidative stress and antioxidant capacity shows potential for
developing therapeutic interventions for these conditions.
ROS, including hydrogen peroxide (H,0,), superoxide anion
(0,7), hydroxyl radical (‘OH), singlet oxygen ('O,), hypo-
chlorous acid (HCIO), and peroxynitrite anion (ONOO™), are
generated through normal cellular metabolism from molecular
oxygen." H,0,, a prominent ROS, exhibits relatively stable
properties and fulfills diverse crucial functions in cellular
signaling, differentiation, migration, immune response, and
pathogen defense, as well as the maintenance of redox
homeostasis within the body.”> When the intracellular produc-
tion of H,0, exceeds its clearance capacity, it can result in an
elevation of cellular oxidative stress, leading to cellular damage.
The 1,4-dihydro-nicotinamide adenine dinucleotide (NADH)
and its phosphate ester form (NADPH) are indispensable anti-
oxidant molecules within cells, serving as a crucial electron
donor in a variety of biochemical reactions. These reactions
encompass the metabolic pathways of glycolysis, the tricarbox-
ylic acid cycle, oxidative phosphorylation in mitochondria, and
the electron transport chain.'® Moreover, NAD(P)H is involved
in various intracellular antioxidant reactions. For example, it
participates in the reaction catalyzed by glutathione reductase,
serving as a reducing agent to convert oxidized glutathione
(GSSQ) to its reduced form (GSH)."” Additionally, NAD(P)H is
involved in the thioredoxin reductase reaction by reducing
oxidized thioredoxin (Trx-S2) to its reduced form (Trx-SH).'®
These antioxidants collaborate within the intricate “antioxidant
network” to uphold the metabolic equilibrium of the endoge-
nous body. It is noteworthy that H,O, and NAD(P)H coexist in
various physiological processes, thereby engaging in intricate
signaling and oxidative pathways. The elevation of intracellular
NAD(P)H levels may trigger a state of reducing stress, leading to
the generation of a significant amount of H,O, through cascade
biological reactions. Excessive intracellular NAD(P)H can lead to
an increase in electron transfer to oxygen, resulting in elevated
ROS production under the catalysis of H,0,." Additionally,
excessive H,0, production occurs during oxidative phosphory-
lation due to the accumulation of NAD(P)H, which serves as the
electron donor in mitochondrial respiration. All of this
emphasizes the significance of H,0, and NAD(P)H as compel-
ling biomarkers for assessing cytopathological alterations in
cells associated with both exogenous and endogenous stimuli.
As two crucial biomarkers in cell metabolism, fluorescent
probes designed for H,0, and NAD(P)H detection in single-cell
assays should possess high sensitivity, non-toxicity to living
cells, stability, rapid response time, and ease of use. Further-
more, the opposing properties of H,0,'s oxidizing nature and
NAD(P)H's reducing nature present a significant challenge for
scientists attempting to concurrently detect both biomarkers
using a single probe due to their conflicting combination.
Fluorescent probes have been previously reported for the
separate detection of H,0, and NAD(P)H. However, none have
achieved simultaneous real-time visualization of both bioactive
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substances.”**® Other fluorescent probes possessing dual
recognition capabilities for the simultaneous detection of
oxidizing and reducing substances have been reported in the
current literature. For instance, Kang et al. have developed
a fluorescent probe that facilitates the investigation of regula-
tory and control mechanisms involved in oxidative and reduc-
tive reactions within cells. This innovative tool has enabled real-
time imaging of changes in concentration of both exogenous
and endogenous 'OH and Cys in cells.** In 2017, Yue et al.
designed a probe that employs a reversible fluorescence reac-
tion with Cys, enabling the visualization of the conversion
process from Cys to SO, in living cells.®* In 2022, Jing et al.
developed Mito-CM-CD, a mitochondria-targeted fluorescent
probe that enables real-time dynamic monitoring of ONOO™
and GSH.*® However, to date, no fluorescent probe capable of
simultaneously detecting H,0, and NAD(P)H has been re-
ported. H,O, and NAD(P)H are two essential components of the
oxidative-reductive system, and their simultaneous monitoring
is imperative for gaining a comprehensive understanding of the
physiological imbalance between oxidation and reduction in
cells and tissues under pathological conditions. It is also
essential for comprehending the mechanisms by which imbal-
anced conditions impact the body.

Herein, we present the discovery of DQ1, the first di-
quinolinium derivative that exhibits rapid reactivity towards
H,0, and NAD(P)H under physiological conditions. This indi-
cator was effectively employed to differentiate various levels of
H,0, and NAD(P)H in PC12 cells under chemical stimuli and
hypoxic conditions. We utilized indicator DQ1 to assess the
fluctuations in H,0, and NAD(P)H levels in zebrafish models
under rotenone stimulation and hypoxic conditions. Next, the
indicator DQ1 was employed to examine the alterations in H,O,
and NAD(P)H levels within cardiac cells in a mouse model of
myocardial infarction at different stages of the disease. More-
over, DQ1 was further utilized to investigate the fluctuations of
the two biomarkers within the hepatic cells of mice exposed to
acute trichloroethylene toxicity, a prevalent chemical pollutant.
Through the establishment of the aforementioned mouse
models, the tracking and monitoring of oxidative stress and
antioxidant capacity within the body of mice under endogenous
diseases or exogenous substance stimulation was successively
achieved. This offers a valuable research tool for the enhanced
diagnosis and treatment of diseases under conditions of redox
imbalance.

Results and discussion
Design and synthesis of the indicator

Due to their high stability, excellent photophysical properties,
and versatile organelle-targeting capabilities, cyanine dyes have
been widely employed in the development of fluorescent
probes.** However, it remains a challenge to design dual-
responsive probes based on this cyanine framework that can
simultaneously detect both oxidative and reductive species. In
this study, by employing two specific reactive groups, a dual-
responsive probe (DQ1) was developed. DQ1 allowed for the
simultaneous detection of H,0, and NAD(P)H levels under

© 2023 The Author(s). Published by the Royal Society of Chemistry
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physiological conditions while exhibiting distinct fluorescence
emission signals. The design of such a molecule involved the
utilization of two acceptors (2A-design, as shown in Fig. 1a),
with electron-deficient heterocycle-quinolinium being selected.
DQ1 consisted of two quinoline salts connected by a poly-
methine chain. 3-position substituted quinolinium is well
known for its propensity to undergo two-electron reduction
reactions with NAD(P)H analogs. Upon examination of NAD(P)
H, the transfer of a hydride from NAD(P)H to the acceptor
moiety of quinolinium led to the formation of a novel acceptor-
m-donor (A-t-D) system with cyanine characteristics (Fig. 1a).
On the other hand, 4-methylquinoline reacted with (4-bromo-
methylphenyl)boronic acid, leading to the formation of a highly
electron-withdrawing quaternary ammonium salt moiety. Upon
encountering H,0,, the boronic ester underwent oxidation,
facilitating an intramolecular 1,6-rearrangement elimination
reaction of the compound. This resulted in the formation of
a novel weak acceptor-m-acceptor (A’-m-A) system of the
cyanine type, where the 4-position substituted quinolinium
product acted as a weak electron acceptor (Fig. 1a). In the
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The detection of H,0, and NADH via DQ1
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presence of both H,0, and NAD(P)H, the two acceptors’ (A-1t-A)
structure transformed into a novel weak acceptor-m-donor
system (A’-7-D), representing a weaker acceptor-donor inter-
action. Moreover, the presence of quaternary nitrogen atoms
with a positive charge ensured the water-solubility of the
aromatic ring structure, making it more suitable for biological
applications.

The synthesis of DQ1 was achieved through a three-step
process illustrated in Fig. S1.7 First, quaternization of 4-meth-
ylquinoline with 2-(4-(bromomethyl)phenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane was carried out under reflux
conditions in toluene. This was followed by a Knoevenagel
condensation of the quaternized quinolinium with 3-quinoli-
necarboxaldehyde to obtain the conjugated di-quinolinium 2.
Finally, the pure product was precipitated in trichloromethane
through a reaction with methyl trifluoromethanesulphonate.
Each step was facile, yielding pure products without the
necessity of chromatography. The isolated compounds were
characterized utilizing HPLC, NMR, HRMS, and UV-vis spec-
troscopic techniques (Fig. S2-S107).

A-n-D
DQ1H

@ ® H2°2 (DQ1+H,0;)  (DQ1+NADH)
12 Abs » Em Abs »Em

o NADH .

‘) Indicator DQ1 o

00
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(@) Chemical structure and reaction mechanism of DQ1 with H,O, and NADH. Counter-anions are omitted for clarity. (b) Schematic

illustration of dual-responsive indicator DQ1 for the selective detection of H,O, and NAD(P)H in living cells.
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Sensing properties of the as-obtained indicator DQ1

The spectroscopic evaluation of indicator DQ1 and its response
to H,0, and NADH was conducted under physiological condi-
tions in a piperazine-1,4-bisethanesulfonic acid (PIPES) buffer
at a temperature of 25 °C. As depicted in Fig. 2a and d (inset
photographs), the free DQ1 indicator (20 pM) presented a grey-
green color accompanied by a faint absorption peak at 586 nm
and a pronounced absorption peak at 340 nm. After the addi-
tion of excess H,O, to the DQ1 solution, a faint yellow color was
observed and a new absorbance peak rapidly emerged at
370 nm. Simultaneously, the previously observed weak
absorption at 586 nm disappeared. Upon the addition of
NAD(P)H, the solution underwent a color change to a deep blue
hue and displayed a prominent absorption peak at 586 nm.
Subsequently, the changes in fluorescence emission spectra of
DQ1 were examined. Fluorescence emission spectra revealed
that the addition of H,0, (0-300 uM) resulted in a significant
3.72-fold enhancement of the fluorescence signal at 505 nm for
the DQ1 probe (20 uM), as depicted in Fig. 2b. The primary
cause of this phenomenon was attributed to the reaction
between H,0, and DQ1, which led to the oxidation of arylbor-
onic ester and triggered a 1,6-rearrangement elimination reac-
tion. This transformation converted the A-m-A structure of DQ1
into the A-m-A structure, thereby altering the electron
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arrangement within the molecule and consequently leading to
an enhancement in the fluorescence intensity of the probe. The
fluorescent H,O, titration experiment exhibited a robust linear
response (R* = 0.992) in the detection of H,0, concentrations
ranging from 25 to 300 pM in the PIPES buffer (Fig. 2b, inset).
The determined detection limit of DQ1 for H,O, was 1.0 pM.
This limit was determined by measuring the emission intensity
at 505 nm and calculating it using the regression equation (3a/
k). In terms of NADH detection, upon the addition of NADH (0-
24 uM), DQ1 exhibited a significant enhancement in fluores-
cence signal at 648 nm, resulting in an approximately 941-fold
increase in emission intensity at a concentration of 24 uM for
NADH detection. The mechanism underlying this phenomenon
was attributed to the two-electron reduction reactions occurring
between quinolinium and NADH. The transfer of hydride from
NADH to quinolinium led to the formation of a novel donor-m—-
acceptor system. The titration experiment demonstrated that
DQ1 exhibited a highly linear response (R* = 0.993) in detecting
NADH within the concentration range of 2-24 uM. Moreover,
DQ1 showed an exceptionally low NAD(P)H detection limit.
Using the regression equation (30/k), DQ1 exhibited a calcu-
lated detection limit of 0.21 nM when measuring emission
intensity at 648 nm towards NADH, enabling it to monitor
intracellular changes in NADH levels sensitively (Fig. 2e, inset).
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Fig.2 (aand d) UV-vis and (b and e) fluorescence spectra of DQ1 (20 uM): before (blue) and after (red) reaction with H,O, (0-300 uM, 2 h) and

NADH (0-24 pM, 10 min). Photographs (inset, a and d) depict the color change of DQ1 (20 uM, left) in the presence of H,O, and NADH (right).
Diagrams (inset, b and e): linear plot of emission changes against H,O, and NADH concentration. (c) DQ1 reports H,O,, NADH, and H,O,/NADH
with three different sets of fluorescence signals: blue-black; light blue-red; and blue-red. (f) Fluorescence intensity changes at 505 nm
(interfering substances for H,O, detection) and 648 nm (interfering substances for NADH detection). (1) H,O; (2) blank; (3) K*; (4) Ca®*; (5) Fe3;
(6) M@2*; (7) "OH; (8) O,"~; (9) 1O,; (10) ONOO~; (11) ClO~; (12) H,S; (13) blank; (14) Na*; (15) K*; (16) Ca®*; (17) Fe2*; (18) HSOs; (19) pyruvate; (20)
glucose; (21) tyrosine; (22) ascorbic acid (VC); (23) cysteine; (24) FADH,; (25) GSH; (26) NADPH; (27) NADH. Ax: 370 nm for H,O, and 590 nm for
NADH, each datum was acquired after various analytes addition at 37 °C.
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The spectral variations in the presence of both analytes
simultaneously were subsequently investigated. As universally
acknowledged, the coexistence of H,0, and NADH during
cellular metabolism plays a pivotal role in maintaining intra-
cellular redox homeostasis.>® NADH possesses potent reducing
properties and is capable of transferring electrons to other
molecules, such as H,0,, O, , and OH'.*® For instance, the
reaction between NADH and H,0, resulted in the production of
NAD" (oxidized form of NADH) and water. In contrast, H,O, is
a ROS that possesses strong oxidizing properties. To mitigate
the interference of both substances on detection results, sepa-
rate investigations to evaluate DQ1's detection capabilities for
H,0, or NADH in the presence of each other were conducted.
Fig. S11at demonstrates that the absorption spectrum of the
DQ1 solution, following sequential reactions with H,O, and
NADH, only exhibited a discernible enhancement at 350 nm.
This represents the absorption peak specific to NADH. As shown
in Fig. S11a, after the addition of H,0,, there was an increase
in the absorption spectrum of DQ1 at 370 nm. Further addition
of NADH did not cause any significant change in the fluores-
cence emission at 505 nm. Interestingly, in contrast to the
previous results, when DQ1 reacted with NADH, the absorption
spectrum exhibited a significant increase at 586 nm. Upon
further titration with H,0,, there were no significant changes
observed in both absorption and fluorescence spectra (Fig.
S11b, d and et). Finally, when we simultaneously added H,0,
and NADH to the solution of DQ1, the fluorescence spectrum of
the DQ1 solution shows robust emission intensity at both
505 nm and 650 nm (Fig. S11ct). This suggested that the probe
exhibited minimal interference from coexisting substances
during the detection of H,0, or NADH.

The detection efficacy of DQ1 under different pH conditions
for H,0, and NADH was further investigated. As illustrated in
Fig. S12,7 the fluorescence intensity of DQ1 exhibited consistent
stability upon the introduction of H,O, within the pH range of
4-6. However, within the pH range of 6-10, the fluorescence
intensity demonstrated an increase upon the addition of H,0,.
Remarkably, as the alkalinity increased, the fluorescence
enhancement became more pronounced, indicating that DQ1
exhibited higher sensitivity towards H,O, and had a greater
propensity to react with it under alkaline conditions. In contrast
to H,0,, variations in pH did not significantly affect the detec-
tion of NADH (Fig. S121). Moreover, time-dependent fluores-
cence spectra revealed that the fluorescence emission peaks at
505 nm and 650 nm attained their maximum intensities after 2
hours and 10 minutes, respectively, upon introduction of H,0,
(300 uM) and NADH (30 uM). Photostability experiments indi-
cated that DQ1 maintained stable fluorescence emission even
after 3 hours of exposure to UV irradiation at both 370 nm and
590 nm (Fig. S137).

Selectivity is a crucial attribute that must be considered
when evaluating the stability of fluorescent probes for cellular
detection. As depicted in Fig. 2f, the emission response of DQ1
remained unaltered by a variety of other biologically relevant
agents, including K, Ca®", Fe**, Mg**, "OH, 0," ", '0,, ONOO ™,
CIO, and H,S. This demonstrated the high chemoselectivity of
DQ1 towards H,0,. Similarly, the detection of NAD(P)H by DQ1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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remained unaffected by Na*, K*, Ca®*, Fe**, Mg?", Fe**, pyruvate,
glucose, fructose, tyrosine, leucine, alanine and other biologi-
cally relevant factors (Fig. S13ct). This finding emphasized the
remarkable chemical selectivity of DQ1 in detecting H,O, or
NAD(P)H. In summary, the indicator DQ1 provided a rapid
kinetic profile, an exceptionally low detection limit, good
stability, and specificity. These features enable it to be used to
exclusively quantify H,0, and NAD(P)H in living cells.

Bioimaging of H,0, and NADH in living cells

Prior to conducting live cell imaging of H,0, and NAD(P)H, the
cytotoxicity of DQ1 in PC12 cells using a conventional MTT
assay was evaluated. As illustrated in Fig. S14,T PC12 cells were
exposed to varying concentrations of DQ1 (ranging from 0 to
100 mM) for a duration of 24 hours, and the cell viability
remained consistently above 70%. This high level of cell
viability indicated that DQ1 demonstrated excellent biocom-
patibility. This guaranteed its suitability for biological imaging.
Colocalization studies targeting specific organelles were per-
formed in PC12 cells using Mito-Tracker Green, Lyso-Tracker
Green, and DAPI (4,6-diamidino-2-phenylindole, a fluorescent
stain that binds to DNA) as co-staining probes. As depicted in
Fig. S15,f PC12 cells stained with Mito-Tracker Green, Lyso-
Tracker Green, and DQ1 exhibited robust emissions in the
green and red channels, respectively. The high Pearson's
colocalization coefficient (P = 0.89) between Mito-Tracker
Green and DQ1 indicated a predominant localization of DQ1
in the mitochondria of PC12 cells, while the low colocalization
with Lyso-Tracker (P = 0.65) and DAPI (P = 0.30) suggested
minimal presence in lysosomes and nuclei, respectively.

To explore the feasibility of utilizing DQ1 for real-time
monitoring of NAD(P)H and H,O, levels in vivo, experiments
using various chemical compounds known to stimulate or
inhibit the secretion of H,0, and NAD(P)H were conducted. As
DQ1 employed two distinct fluorescence channels for the
detection of H,0, and NAD(P)H, the intracellular levels of H,0,
and NADH were measured by quantifying fluorescence inten-
sities in the blue channel (representing H,0,) and red channel
(representing NAD(P)H), respectively, using fluorescence
microscopy. In this study, glucose, lactate, pyruvate, rotenone,
and H,0, were used as stimuli on PC12 cells individually, with
the aim of inducing changes in the levels of these two analytes.
The effect of glucose on H,0, and NADH expression levels
involved the participation of glucose dehydrogenase (GDH).
GDH catalyzed the oxidation of B-p-glucose to B-b-gluconic-1,5-
lactone while concomitantly reducing NAD' to NADH and
generating H,0,.%” The resulting NADH and H,0, subsequently
underwent a reaction with DQ1, leading to the formation of
DQ1H and an increase in fluorescent emissions. As illustrated
in Fig. 3a, following pre-treatment with glucose (5 mM, 10 mM)
for a duration of 30 minutes, PC12 cells exhibited significantly
enhanced fluorescence signals in both the blue and red chan-
nels (Fig. S16af). The two analytes exhibited a simultaneous
twofold increase (Fig. 3b). The inhibition of electron transfer in
the cell respiratory chain by rotenone was a well-known
phenomenon, resulting in the accumulation of H,0, and
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Fig. 3 Fluorescence images of H,O, and NAD(P)H in PC12 cells stained with DQ1 (20 uM) under different conditions. (a) Fluorescence images of
PC12 cells with the addition of glucose (10 mM, 30 min), rotenone (5 pM, 30 min), H,O, (100 uM, 30 min), lactate (10 mM, 30 min) and pyruvate (5

M, 30 min) as stimuli and under hypoxia stimulation. Cell images in the

blue channel were acquired with Aex: 362—-396 NM, Aem: 432-480 nm

and in the red channel with A¢y: 540-580 nm, A¢m: 600-660 nm. Scale bars: 30 um for the whole image. (b) Summarized data of mitochondrial

mean fluorescence intensities (MFI) for the H,O, and NAD(P)H channels,

treatments. Error bars: standard deviation (SD).

NAD(P)H within cells.*® Therefore, rotenone was employed to
stimulate PC12 cells and assess the detection capability of DQ1
for the variations in the two analytes. As shown in Fig. 3a, PC12
cells stimulated with rotenone (5 uM) exhibited significantly
amplified fluorescence intensities in both the blue and red
channels when compared to untreated PC12 cells. With the
increase in rotenone concentration (0-5 pM), there was a sus-
tained elevation in fluorescence observed in both fluorescent
channels (Fig. S16df). Lactate and pyruvate functioned as
a circulating redox buffer, maintaining the balance of the NAD"/
NADH ratio in cells and tissues. The disparity between lactate
and pyruvate concentrations can exert a substantial influence
on the levels of H,0, and NADH in viable cells.*® In cellular
metabolism, excessive pyruvate generated from hyperactive
glycolysis is frequently converted into lactic acid via fermenta-
tion. The process of anaerobic glycolysis involves the utilization
of two NAD(P)H molecules by lactate dehydrogenase (LDH).
Therefore, DQ1 was employed to examine the alternations in
H,0, and NAD(P)H levels influenced by excessive pyruvate and
lactate. Upon incubation of PC12 cells with exogenous lactate
(5 mM and 10 mM), intracellular H,0, and NADH levels were

12966 | Chem. Sci, 2023, 14, 12961-12972

along with the corresponding ratio of MFly,o,/MFlyap@en. for different

observed to increase, as depicted in Fig. 3a and S16b.T This was
attributed to the conversion of lactate to pyruvate, resulting in
a steady increment in fluorescence intensity within the H,0,
and NAD(P)H channels. In contrast, the fluorescence signals of
PC12 cells exhibited a gradual decrease when treated with
increasing concentrations of pyruvate (ranging from 0 to 5 pM)
(Fig. S16ct). The H,0, stimulation experiment demonstrated
a significant increase in fluorescence intensity in both the blue
and red channels of PC12 cells following incubation with H,0,
(100 puM, Fig. 3a and Si6et). The redox state in PC12 cells
subjected to incubation with varying concentrations of NADH
was also investigated. As illustrated in Fig. S16f,f the fluores-
cence intensity in the red channel exhibited a substantial
enhancement with rising NADPH concentrations (0, 5, 10 uM),
signifying an ongoing elevation in intracellular reducing pres-
sure. Conversely, the fluorescence in the blue channel remained
constant, indicating that oxidative stress remained nearly
unchanged. This experiment underscores the probe's capability
to effectively differentiate between oxidative and reducing
pressures within live cells through two distinct fluorescence
channels.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The aforementioned experiments demonstrated the high
sensitivity of DQ1 in detecting variations of H,0, and NAD(P)H
induced by exogenous compounds. Furthermore, additional
validation of DQ1's detection ability for changes in intracellular
H,0, and NAD(P)H induced by endogenous factors was also
performed. Specifically, cellular hypoxia was utilized as an acute
model of hypoxia-induced cellular stress. Acute hypoxia stimu-
lation was employed to mimic an external stressor on PC12
cells, thereby establishing a biological model for further vali-
dating the application of DQ1 in assessing oxidative stress and
antioxidant capacity induced by endogenous diseases. Initially,
PC12 cells were cultured in a hypoxic chamber with an oxygen
concentration of approximately 1%, and subsequently divided
into four groups based on varying durations of hypoxia expo-
sure (2, 4, 6, 8 hours). Subsequently, DQ1 (20 uM) was added to
each group of cells and incubated for 30 minutes. The fluores-
cence intensities of the blue and red channels were measured to
evaluate the expression levels of H,0, and NAD(P)H in PC12
cells under various hypoxic conditions. Fig. 3a and b illustrate
that the fluorescence intensities of both the H,0, and NAD(P)H
channels exhibit a gradual increase in response to prolonged
cellular hypoxia. Specifically, the fluorescence intensity in the
H,0, channel gradually increased after 4 hours of hypoxia,
while the fluorescence intensity in the NAD(P)H channel
continued to escalate at a relatively rapid pace. This implied
that following 4 hours of hypoxia, the cellular secretion of H,0,
reached a gradual equilibrium while the organism continued to
generate elevated concentrations of NAD(P)H in order to
counteract the excess H,0,.

To validate the efficacy of the cellular hypoxia model, the
extent of cellular stress using MDA (malondialdehyde), SOD
(superoxide dismutase), LDH (lactate dehydrogenase), and ATP
assay kits was evaluated. The detection results indicated that
following a 4 hour period of hypoxia, cellular levels of MDA,
ATP, and LDH exhibited an upward trend, while SOD levels
demonstrated a downward trend (Fig. S171). The findings sug-
gested the successful establishment of the hypoxia model.

Tracking the variation of H,0, and NAD(P)H in zebrafish
induced by stimuli of H,0,, rotenone, and hypoxia

To investigate the detection capabilities of the DQ1 towards the
organism's stress response elicited by external stimuli, DQ1 was
further used to observe the levels of H,0, and NAD(P)H in larval
zebrafish. Zebrafish skin exhibited remarkable permeability,
particularly in larvae younger than 10 days old when the blood-
brain barrier was not yet fully developed.* This characteristic
rendered it an excellent model for real-time monitoring of the
organism's oxidative and reductive stress status using fluores-
cent probes. As previously mentioned, the inhibitory effect of
rotenone on electron transport in the respiratory chain led to
the accumulation of NAD(P)H. Therefore, H,0, and rotenone
were further employed as stimuli to respectively induce oxida-
tive stress and elevate the antioxidant NAD(P)H levels. Three-
day-old zebrafish were consecutively exposed to H,0, (20, 50
uM) and rotenone (2, 5 uM), followed by the addition of the DQ1
probe (20 uM) and co-incubation for a duration of 30 minutes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fluorescence changes in the blue and red channels were
monitored using fluorescence microscopy. Fig. 4a demonstrates
a gradual increase in the average fluorescence intensity in both
H,0, and NAD(P)H channels upon the addition of H,0, and
rotenone. This observation suggested that the utilization of
DQ1 effectively eliminated interference from other biomate-
rials, enabling real-time monitoring of oxidative and anti-
oxidative substances within zebrafish.

Next, the changes in H,0, and NAD(P)H levels within
zebrafish under different hypoxic conditions were investigated.
The zebrafish were initially subjected to hypoxic conditions with
an oxygen concentration of approximately 1% and then divided
into three groups based on the duration of exposure to hypoxia
(1-3 hours). Subsequently, after incubation with DQ1 (20 puM)
for 30 minutes, the samples were imaged using a fluorescence
microscope. As the duration of hypoxia increased, Fig. 4a
demonstrated a continuous intensification in the blue channel
fluorescence intensity of H,0,, reaching approximately 2.5
times the initial intensity after 3 hours. Similarly, the red
channel fluorescence of NAD(P)H demonstrated a significant
increase with prolonged exposure to hypoxia, reaching approx-
imately twice the initial intensity after 3 hours (Fig. 4a and b).
DQ1 exhibited a high sensitivity in detecting both H,0, and
NAD(P)H during zebrafish hypoxia monitoring. Moreover, the
experiment revealed a significant elevation of oxidative stress
and NAD(P)H content in zebrafish as the duration of hypoxia
was prolonged.

Unveiling oxidative and reductive stress in mice models

Encouraged by the exceptional sensing performance of probe
DQ1 for H,0, and NAD(P)H in zebrafish, the application of DQ1
was further extended to more sophisticated mouse models.
Within these murine models, the dynamic changes in H,0, and
NAD(P)H levels within myocardial tissue at various time points
following acute myocardial infarction (AMI) were investigated.
Additionally, the alterations of these two substances throughout
the process of hepatic injury induced by exposing the mice to
exogenous trichloroethylene (TCE) stimuli were also examined.

AMI is a grave cardiovascular ailment characterized by the
partial or complete obstruction of coronary arteries, leading to
impaired blood circulation and localized necrosis of the
myocardium due to prolonged ischemia and hypoxia.** Patho-
logical investigations of acute myocardial infarction had
revealed that ischemia in myocardial cells, which was triggered
by the occurrence of acute myocardial infarction, led to mito-
chondrial dysfunction. This disruption hindered the normal
functioning of the mitochondrial respiratory chain by inter-
rupting electron transfer, leading to subsequent disturbances in
redox reactions. As a result, a substantial quantity of reactive
oxygen species, such as H,0,, was generated. Furthermore,
during acute myocardial infarction, the process of oxidative
phosphorylation in mitochondria was hindered, thereby
impeding the normal oxidation of NAD(P)H into NAD(P)" and
resulting in its accumulation within the cells.”” As acute
myocardial infarction progressed, the accumulation of NAD(P)
H in myocardial cells gradually increased until necrosis of the
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Fig. 4 In vivo fluorescence imaging of 3 day-old zebrafish under H,O,, rotenone, normoxic and hypoxic conditions. (a) Fluorescence images of

normoxic (21% O5), H,O, (20, 50 uM), rotenone (2, 5 uM) and hypoxic (1.6% O, 1, 2, 3 h) larval zebrafish stained with the DQ1 (20 uM) in the
channels of H,O, and NAD(P)H, respectively. Zebrafish images in the blue channel were acquired with A¢y: 362-396 Nnm, Aem: 432—-480 nm and in
the red channel with Ae,: 540-580 nm, Aem: 600-660 nm. Scar bar: 1 mm. (b) A histogram for H,O, and NAD(P)H level changes of zebrafish

under H,O,, rotenone, normoxic and hypoxic conditions.

myocardial cell occurred. Therefore, the accurate assessment of
H,0, and NAD(P)H played a crucial role in the management of
acute myocardial infarction, as it allowed for precise evaluation
of myocardial cell injury.

In the mouse model of AMI, left anterior descending coro-
nary artery ligation was employed to construct the infarction
model. The experimental mice were categorized into five groups
based on the duration of the obstruction: normal, 1, 3, 5, and 7
days. On the first, third, fifth, and seventh days following left
anterior descending coronary artery ligation, the probe DQ1
(1 mM, 200 pL) was administered via tail vein injection in each
group of mice. After a 12 hour incubation period to allow
sufficient reaction between the probe and H,0, and NAD(P)H in
myocardial cells, the mice were humanely euthanized and their
hearts were excised (Fig. 5a). The mouse hearts were cry-
opreserved for 20 minutes and subsequently sectioned into
frozen slices. To validate the successful establishment of the
AMI mouse model, the gold standard of myocardial infarction
detection, 2,3,5-triphenyltetrazolium chloride (TTC) staining at
a concentration of 2% was initially employed to identify areas of
tissue damage resulting from ischemia. The principle under-
lying the TTC staining method laid in the significantly reduced
dehydrogenase content within the infarcted tissue compared to
normal heart tissue, resulting in an inability to convert TTC into
insoluble and stable red triphenylformazan (TTF). As a result,
a lighter staining area was observed, confirming the successful

12968 | Chem. Sci., 2023, 14, 12961-12972

establishment of myocardial infarction.*> As depicted in Fig.
S18,1 TTC-stained myocardial infarction slices collected at 1, 3,
5, and 7 days post left anterior descending coronary artery
ligation exhibited distinct areas of lighter staining, thereby
confirming the successful establishment of the myocardial
infarction model. The potential in vivo toxicities of DQ1 were
evaluated through intravenous administration at three time
points: 1, 7, and 14 days post-administration (Fig. $191). No
significant morphological changes were observed in the heart,
liver, spleen, lung and kidney tissues of the tested groups
compared to the control group based on H&E staining images.
This implied that the administration of DQ1 did not elicit any
discernible toxic effects on the macroscopic appearance of the
examined organs throughout the duration of the study.
Furthermore, histological staining on mouse myocardial
tissue was performed using hematoxylin and eosin (H&E) as
well as the DQ1 probe. Subsequently, the stained samples were
visualized under fluorescence microscopy. As the duration of
myocardial infarction increased, H&E tissue staining revealed
a progressive deepening in the degree of myocardial cell
damage. By the 7th day, there were scarcely any structurally
intact myocardial cells remaining (Fig. 5b and S20%). Fluores-
cence microscopy imaging revealed a consistent increase in the
fluorescence intensity of the H,0, channel and NAD(P)H
channel in myocardial tissue following AMI in mice, with
a slight decrease observed on the 7th day (Fig. 5¢, d and S217).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dimensional space. Scale bar: 100 pm. (m and n) Histograms for H,O, and NAD(P)H level changes of heart and liver tissues after acute myocardial
infarction and trichloroethylene exposure, respectively. All fluorescent signals were selected from surviving cardiomyocytes and liver cells. Error

bars: SD. Experimental times: n = 5.

The fluorescence imaging results revealed potential mecha-
nisms of myocardial cell injury, including the following: during
myocardial ischemia, a lack of oxygen and nutrients led to
cellular metabolism and energy production suppression. This
metabolic injury led to an upregulation of H,0, production
within the cell as a result of the accumulation of metabolic
byproducts and mitochondria damage, which could subse-
quently result in ROS generation. Additionally, the cell might

© 2023 The Author(s). Published by the Royal Society of Chemistry

increase NAD(P)H production to supplement the ATP demand
resulting from insufficient energy supply. This phenomenon
could be confirmed by examining both the appearance and
fluorescence images of heart sections in both obstructed and
normal areas (Fig. S227). The elevation of H,0, and NAD(P)H
levels exacerbated their interaction, thereby intensifying
cellular oxidative stress and disrupting energy metabolism to
a greater extent. This process persisted until the 7th day of AMI,
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by which time the myocardial cells were nearly entirely
compromised. Fluorescence imaging of DQ1 on paraffin
sections of AMI tissue revealed the changes in myocardial cell
damage during the process of myocardial infarction, including
structural destruction, oxidative stress, and abnormal energy
metabolism (Fig. 52). To achieve a more comprehensive obser-
vation of fluorescence changes, a 3D quantitative analysis was
performed. The results demonstrated a gradual increase in
fluorescence intensity in both the blue and red channels over
time, which is consistent with the findings of qualitative
experiments (Fig. 5e and f). Therefore, DQ1 was successfully
utilized to continuously monitor the levels of reactive oxygen
species and antioxidant substances in myocardial tissue
following endogenous myocardial injury. These findings
contributed to a more comprehensive understanding of the
pathophysiological ~mechanisms underlying myocardial
infarction.

In addition to monitoring endogenous diseases-induced
redox imbalance, DQ1 can also serve as a tool for assessing
organ damage caused by exogenous pollutants. TCE, also
known as trichloroethene, is a widely used industrial organic
solvent and environmental pollutant extensively employed in
sectors such as electronics and hardware. TCE presents
a significant threat to human health when associated with
contaminated food, water sources, or PM 2.5 gas particles.
Prolonged exposure to TCE can lead to elevated levels of
oxidative stress in exposed individuals, resulting in various
conditions such as TCE-induced drug rash-like dermatitis,
hepatocellular and renal tumors, and cardiovascular and
neurological impairments, among others.** Investigations have
revealed that populations exposed to TCE manifest significant
accumulation of ROS and notable depletion of antioxidant
enzymes within the liver, kidneys, heart, and other organs. This
leads to lipid peroxidation, disruption of biomembrane struc-
ture and function, protein denaturation, DNA degradation, and
related effects.*® Therefore, it is of significant importance to
track and monitor the levels of ROS and NAD(P)H in the livers of
TCE-exposed mice for elucidating the pathological processes
underlying organ damage induced by TCE.

The TCE exposure model was established through subcuta-
neous injection of TCE into the dorsal region of mice, followed
by observation of resultant liver damage. At the outset, the mice
were categorized into five groups: blank group, control group,
solvent control group, TCE-treated 7 day group, and TCE-treated
14 day group. Each of these groups consisted of five mice. The
solvent control group was administered with a mixture of
acetone and olive oil (100 pL) in a volume ratio of 3:2, along
with an equivalent amount of Freund's complete adjuvant
(FCA). The TCE-treated groups were administered a subcuta-
neous injection of 100 pL of a mixture containing TCE, acetone,
and olive oil in a volume ratio of 5: 3 : 2 in the dorsal region. On
the 7th and 14th days post-injection, the control group, solvent
control group, TCE-treated 7 day group, and TCE-treated 14 day
group of mice received intravenous administration of the DQ1
probe (1 mM, 200 pL) via the tail vein. After a 12 hour waiting
period, the mice were humanely euthanized and their livers
were harvested (Fig. 5a). Subsequently, paraffin embedding was
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performed on the liver samples to obtain sections for further
analysis.

Firstly, paraffin-embedded liver sections from each group of
mice were subjected to H&E staining to evaluate the patholog-
ical damage induced by TCE stimulation. The H&E-stained
sections of the control group mice demonstrated preserved
and typical liver cell morphology, characterized by cytoplasm
that appeared dense and homogeneous (Fig. 5b). In contrast,
the TCE-stimulated group exhibited cytoplasmic loosening,
sinusoidal compression, and cellular swelling, which were
consistent with the pathological manifestations associated with
TCE stimulation. Subsequently, malondialdehyde (MDA) and
superoxide dismutase (SOD) levels were quantified in hepatic
homogenates of mice using MDA and SOD assay kits (WST-8).
The experimental results indicated that the MDA content in
the liver increased significantly, reaching 12 nmol mg ™" after 7
days and 15 nmol mg ' after 14 days, which represented
a remarkable increase of approximately 160% and 226%,
respectively, compared to the normal liver (Fig. S23at). Mean-
while, the SOD level decreased by approximately 42% and 54%,
respectively, to 0.75 U mg ™" (7 days) and 0.6 U mg ™" (14 days),
from an initial value of 1.3 U mg ™" (Fig. S23bt). The successful
establishment of the TCE sensitization model was confirmed by
measuring MDA, an oxidative substance, and SOD, an antioxi-
dant enzyme, in liver cells. Fluorescence imaging was subse-
quently conducted on the liver paraffin sections using
a fluorescence microscope. The fluorescence imaging results
revealed no significant difference in fluorescence intensity of
H,0, and NAD(P)H channels between the control group and the
solvent control group, indicating that the solvent used for the
TCE injection preparation did not interfere with the detection of
H,0, and NAD(P)H by DQ1. The results depicted in Fig. 5c,
d and S247 indicated a significant increase in the fluorescence
intensity of both blue and red channels within liver sections
from TCE-exposed mice as exposure time was prolonged. The
liver sections exposed for 7 days exhibited an average fluores-
cence intensity that was approximately twice as high as that of
normal mice, whereas the liver sections exposed for 14 days
showed an average fluorescence intensity that was approxi-
mately three times higher than that of normal mice (Fig. 5h and
S247). The progressively increasing mean fluorescence intensity
indicated a significant rise in the levels of H,O, and NAD(P)H in
the hepatic tissue of mice exposed to TCE. Interestingly, the
increase in both H,0, and NAD(P)H exhibited a proportional
relationship with the duration of exposure. The experiment of
3D quantitative analysis was conducted in a similar manner.
The results were in accordance with the temporal variations
observed in fluorescence imaging, as depicted in Fig. 5e and f.
This study suggested that exposure to TCE resulted in oxidative
stress in the hepatic cells of mice, leading to structural damage
and a peroxidation effect. However, the increased levels of
NAD(P)H did not demonstrate a significant antioxidant imbal-
ance effect. This might be attributed to TCE's stimulating effect
surpassing the body's regulatory capacity, leading to liver
damage.

Live subject statement: All animal experiments were per-
formed in compliance with the relevant laws and institutional

© 2023 The Author(s). Published by the Royal Society of Chemistry
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guidelines for the Care and Use of Research Animals estab-
lished by the Nantong University Animal Studies Committee,
and the experiments have been approved by the committee
(S20210228-010).

The results of these mouse experiments suggested that, in
the presence of pathological or stress conditions, DQ1 demon-
strated a heightened sensitivity towards detecting H,O, and the
reducing agent NAD(P)H in mice. This serves as a valuable tool
for monitoring changes in oxidative stress and antioxidant
capacity within the body under pathological conditions.

Conclusions

In summary, we have created a novel dual-responsive indicator
named DQ1, composed of two adjustable quinolinium units.
DQ1 has demonstrated exceptional selectivity and sensitivity in
the measurement of H,0, and NAD(P)H under physiological
conditions, exhibiting a robust “turn-on” absorbance at wave-
lengths of 370 nm and 586 nm. The presence of the target species
resulted in significant enhancements in fluorescence emission at
505 nm (approximately 3.4-fold) and 648 nm (approximately 940-
fold). The fluorescence intensities of DQ1 exhibited a propor-
tional relationship with increasing concentrations of H,0, (25—
300 uM) and NAD(P)H (2-24 uM). This linear correlation between
the concentration of analytes and the response of indicators
facilitates precise quantification of these target species. With its
exceptional optical performance, the DQ1 indicator emerges as
an ideal candidate for in situ bioimaging of H,0, and NAD(P)H
levels. The DQ1 assay, as expected, not only facilitated the
detection of intracellular H,O, and NAD(P)H expression levels at
micro and nanomolar concentrations but also sensitively moni-
tored alterations in intracellular H,O, and NAD(P)H concentra-
tions induced by external stimuli, such as glucose, lactate,
rotenone, pyruvate, and hypoxia. Subsequently, DQ1 was
employed to monitor the fluctuations of H,O, and NAD(P)H in
living zebrafish exposed to oxidative stress induced by H,O,,
rotenone, and hypoxia stimulation. The DQ1 consistently
exhibited a sensitive detection capability for both biomarkers
under external stimuli. Finally, the DQ1 was employed to inves-
tigate the fluctuations of H,0, and NAD(P)H levels in myocardial
tissue following acute myocardial infarction, as well as to
examine alterations in these species during exogenous TCE
stimulation-induced liver injury in mice. Our findings have
revealed that H,0O, induces discernible oxidative damage in
tissues under both endogenous and exogenous stimuli. Although
the levels of NAD(P)H increase simultaneously with H,O, eleva-
tion, the extent of tissue or organ damage surpasses their self-
repair capacity. Consequently, the body is incapable of miti-
gating oxidative stress in dysfunctional cells. All these findings
have confirmed the successful development of a reliable indi-
cator for precise and selective measurement of H,0, and NAD(P)
H levels, which are crucial indicators of oxidants and antioxi-
dants involved in intracellular oxidative stress and antioxidant
capacity. The DQ1 probe developed in this study has the poten-
tial to serve as a precise and noninvasive imaging research tool
for the further establishment of comprehensive metabolomics
models across various diseases.
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