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Drug-induced acute kidney injury (AKI), caused by renal drug metabolism, has been regarded as a main
problem in clinical pharmacology and practice. However, due to the lack of effective biomarkers and
noninvasive real-time tools, the early diagnosis of drug-induced AKI is still a crucial challenge. The
superoxide anion (O,"7), the preliminary reactive oxidative species, is closely related to drug-induced
AKI. In this paper, we reported two new mitochondria-targeted fluorescent probes for investigating AKI
via mapping the fluctuation of O,"~ with high sensitivity and selectivity by the combination of rational
design and a probe-screening approach. Small-molecule fluorescent probes (Naph-O,'~ and NIR-O;"")
with high accuracy and excellent selectivity were successfully applied to detect endogenously produced

O, in living cells and tissues by dual-model confocal imaging, and to trap the fluctuation of the O,
Recelved 26th July 2018 level during the drug-induced nephrotoxicity. M be NIR-O,"~ was also used to elucidate th
Accepted 10th September 2018 evel during the drug-induced nephrotoxicity. Moreover, probe 2"~ was also used to elucidate the

protective effects of L-carnitine (LC) against drug-induced nephrotoxicity for the first time. Therefore,

DOI: 10.1038/¢c85c03308k these probes may be potential chemical tools for exploring the roles of O,"~ in complex nephrotoxicity
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Introduction

The kidney plays an essential role in metabolism and clearance
of numerous hydrophilic xenobiotics and endogenous
compounds.' As a consequence, the kidney is often exposed to
drugs with high concentrations and is more susceptible to
damage by drugs, which may ultimately cause acute kidney
injury (AKI).” In fact, drug-induced AKI is a long-term concern in
clinical pharmacology and accounts for 19% to 26% of cases of
AKI in clinical practice,® which is a major reason for post-
marketing withdrawals of medicinal products.*® At present,
serum creatinine (SCr) and blood urea nitrogen (BUN) are
conventional nephrotoxicity biomarkers for the evaluation of
drug-induced AKIL°® but they are not available for early
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diagnosis”® and usually affected by a variety of other diseases.’
Moreover, a limited number of early biomarkers have been
explored during the AKI process. For these reasons, innovative
preclinical nephrotoxicity screening methods are required to
evaluate early nephrotoxicity for drug development and clinical
application.

Reactive oxygen species (ROS), mainly produced in mito-
chondria, have been revealed as the inevitable by-products in
renal drug metabolism, which may lead to cell apoptosis and
other acute kidney damage.'™" For example, cisplatin,
a commonly used chemotherapeutic drug for treatment of
numerous human cancers, is known to cause serious nephro-
toxicity among certain populations.” In general, cisplatin can
preferentially accumulate in renal tubular cells and induce
mitochondrial dysfunction due to the increase of endogenous
ROS level via depletion of GSH and inactivation of antioxidant
enzymes,'>** which results in the induction of tubular epithelial
cell damage." Hence the superoxide anion radical (O, "), the
precursor of most ROS, can therefore act as an early symptom
of nephrotoxicity for detecting and studying drug-induced AKI.
Hence, the development of noninvasive detection of O," " in
mitochondria would be an efficient way to evaluate and predict
drug-induced AKI.

Fluorescence imaging techniques, as a noninvasive tool,
create enormous possibilities and provide new opportunities
for the detection of small-molecules and real-time evaluation of
cellular damage in preclinical studies.””* Fluorescent probes

This journal is © The Royal Society of Chemistry 2018
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with two-photon (TP) excitation or near-infrared (NIR) emission
(650-900 nm) are more attractive because of weak specimen
photodamage, low background fluorescence and deep tissue
penetration in living systems.**** At present, some TP or NIR
fluorescent probes have been developed for the detection of
0O,’~ in biological systems.’**> However, desirable TP or NIR
fluorescent probes with high selectivity and sensitivity for
investigating the role of O, in drug-induced nephrotoxicity
are still lacking.

In this work, we reported two mitochondria-targeted fluo-
rescent probes, one two-photon fluorescent probe (Naph-O, ")
and one NIR fluorescent probe (NIR-O, ) for investigating AKI
through mapping the fluctuation of O, by the combination of
rational design and a screening approach. These probes showed
excellent sensitivity and high selectivity toward O,"~ in physi-
ological environments without interference from other species.
Moreover, these probes were successfully applied for imaging of
endogenous O, " in living cells and tissues and visualizing the
small fluctuation of the O, ™ level in drug-induced pathological
nephrotoxicity for the first time.

Results and discussion
Screening and design of probes

Up to now, many small molecule fluorescent probes for O," have
been reported by utilizing the oxidizability and nucleophilicity of
0,"".%* And some of these probes that are based on a nucleo-
philic reaction mechanism possess high sensitivity toward O, .
However, distinguishable detection of O,"” remains a big chal-
lenge due to the disturbance from other biological species with
similar properties, such as H,O, and GSH, especially in a multiple
species coexisting physiological context.*"** To address this issue,
we prepared a series of compounds as candidate probes and
examined the response of these probes to O, by a screening
method. Inspired by previous studies, the protection-depro-
tection strategy of hydroxyl groups on fluorophores is employed
for O, sensing, such as O, -induced deprotection of tri-
fluoromethanesulfonate,*®  2,4-dinitrobenzenesulfonyl®***  or
diphenyl phosphinated®**® groups. In general, the protection of
the hydroxyl group of fluorophores weakens their m-conjugation,
leading to the weak fluorescence of caged fluorophores. Whereas,
upon reaction with O," ", the uncaged fluorophores will recover
their fluorescence, resulting in an “off-on” fluorescence response
toward O,"~ (Scheme 1A). The hydroxyl naphthalimide chromo-
phore was selected as a signal platform due to its high fluores-
cence quantum yield, outstanding photostability and excellent
two-photon properties.** Accordingly, some potential protective
groups were introduced into the hydroxyl group of chromophores
as the reaction site of O," ", including trifluoromethanesulfonate,
2,4-dinitrobenzenesulfonyl, 4-nitrobenzenesulfonyl, and diphenyl
phosphinated, to afford compounds 1-4 (Scheme 1B).

With compounds 1-4 in hand, we first evaluated the reac-
tivity of these probes towards O, under physiological condi-
tions. As shown in Fig. S1, compounds 2 and 3 displayed minor
fluorescence enhancement after addition of O,"”, while
compound 1 exhibited a significantly substantial fluorescence
increase. These results indicate that compound 1 is more

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 (A) The strategy of designing hydroxyl protection/depro-

tection-based fluorescent O,"~ probes. (B) Design of a series of
compounds for sensing O,"~ and the structures of the proposed
mitochondria-targeted fluorescent probes for O, .

sensitive to O, than compounds 2 and 3. We then further
investigated the selectivity of compounds 1-3 to various
oxidant/nucleophilic species. As shown in Fig. S2, compound 1
showed excellent selectivity for O,"~, whereas, compound 2 and
3 were susceptible by other related biological agents (e.g. GSH
and H,S,). Compared with 1, compound 4 also showed rela-
tively good sensitivity and high selectivity toward O, ™ (Fig. S1
and S2t); however, compound 4 itself is relatively unstable in
PBS solution, as shown in Fig. S3.7 Therefore, the above results
revealed that the trifluoromethyl group is a competent candi-
date reaction site for O,"~ with high sensitivity and selectivity.
To obtain the mitochondria targeting ability, the hydrox-
ylnaphthalimide chromophore was further modified with a tri-
phenylphosphine (TPP)***¢ group to construct mitochondria-
targeted probe Naph-O,"~ with two-photon excitation poten-
tial. Furthermore, to investigate mitochondrial O, at different
tissues and in vivo levels in a drug-induced nephrotoxicity
model, a NIR probe NIR-O,"~ was also constructed based on
a positively charged merocyanine NIR dye*** through simple
chemical synthesis (Scheme 1B) (for synthetic and character-
ization details, see the ESIY).

Spectral response of the probes to O, ™~

The capability of probes to respond to O,’~ was evaluated at
room temperature. Before that, the stability of NIR-O,~ and
Naph-O,"~ was first measured (Fig. S4t), showing that they were
latent for O, recognition. As shown in Fig. 1A, NIR-O,"~ shows
feeble fluorescence (¢ < 0.01) in the absence of O, . Upon

Chem. Sci,, 2018, 9, 7606-7613 | 7607


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc03308k

Open Access Article. Published on 13 September 2018. Downloaded on 5/2/2026 6:10:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

150

2

120

920

Fl. intensity (a.u.)

750 800 850

Wavelength, nm

Fig. 1 Fluorescence spectra of (A) NIR-O,"~ (5 uM) in PBS buffer solut

View Article Online

Edge Article

(B) 150

120

(=2 w0
o o

w
(=]

Fl. intensity (a.u.)

other analytes

0
7 3 8 2 9 11,73 75 17 19 2
2 ¢4 6 8 107214 76‘78207?2

ion (25 mM, 20% CH3zCN, pH 7.4) upon addition of O,"~ (0-30 uM). (B)

Fluorescence intensity of NIR-O, ™ (5 uM) in PBS buffer solution (25 mM, 20% CH=CN, pH 7.4) toward O,'~ (30 uM) and other analytes: (1) blank;

(2) Ca2* (100 pM); (3) CHsCOO™ (100 pM); (4) Cu?* (100 pMY; (5) Cys (10

0 pMY); (6) Fe** (100 pM); (7) GSH (1 mM); (8) H»0, (100 puM); (9) H,S (100

1M); (10) H,S, (50 uM); (11) HOCL (100 uM); (12) HSO5~ (100 uM); (13) K* (100 uM); (14) Mg?* (100 pM); (15) Na* (100 uM); (16) NO (100 pM); (17)
NO,™ (100 pM); (18) SIN-1 (25 uM); (19) SO~ (100 pM); (20) SO42~ (100 pM); (21) Zn* (100 puM); (22) O,"~. The mixture was kept for 30 min at
room temperature before the fluorescence intensity of the probe solution was recorded. The excitation wavelength was 660 nm.

incubation with various concentrations (0-30 uM) of O, ", the
fluorescence intensity (with a maximum at 719 nm) increased
with the increase of O, concentration (¢ = 0.55). In addition,
the fluorescence intensity showed an excellent linear relation-
ship (R”> = 0.999) in the concentration range of 0-5 uM O, ~
(Fig. S51), and a detection limit of 0.24 pM was calculated (S/N =
3), which was significantly lower than that of O,"~ in healthy
individuals.* And the maximum absorption of NIR-O, ™
centered at 548/576 nm gradually decreased, while a new
absorption peak at 698 nm appeared after addition of O, ™
(Fig. S67). These results imply that probe NIR-O, ~ displays
superior sensitivity to O,"~ and has the capability to monitor
trace amounts of intracellular O," in AKI in vivo. Additionally,
the spectral response of Naph-O,"~ to O," was also examined.
As shown in Fig. S7,7 Naph-0,"~ (® = 0.008) showed a dramatic
fluorescence enhancement (¢ = 0.51) of more than 25-fold
centered at 554 nm upon the addition of O,"". The fluorescence
intensity at 554 nm reaches a plateau when the amount of O,
is greater than 50 pM (Fig. S8f). The detection limit
was calculated to be 0.39 pM (Fig. S97), the high sensitivity of
Naph-O,"~ ensures its application in detecting endogenous
0O,'” in biological systems.

To simulate the physiological mitochondrial environment,
spectra fluorometric titrations of probes NIR-O,’~ and Naph-
0,’~ were performed in buffer solution at pH = 7.8. The results
showed a more notable change with the increase in the dose of
O, (Fig. S10 and S11%). Then the fluorescence response of
NIR-O, " and Naph-O," to O,"~ was also evaluated at different
pH values. As shown in Fig. S12 and S13,7 the fluorescence
intensity of NIR-O,"~ and Naph-O,’'~ is stable over the range of
pH 6.0 to 8.5, while obvious fluorescence enhancement is
observed upon addition of O, in the range of mitochondria-
relevant pH from 7.0 to 8.5. In addition, the fluorescence
intensity of NIR-OH and Naph-OH did not change when pH >
6.5 (Fig. S14 and S15+). The above results indicate that NIR-O, "~
and Naph-O,"~ have potential applications for the detection of
mitochondrial O, .

The selectivity of the probes was evaluated in detail by
testing the fluorescence changes after exposure to panels of

7608 | Chem. Sci,, 2018, 9, 7606-7613

ROS, RNS, RSS and other relevant biological analytes. As shown
in Fig. 1B and S16,T a striking enhancement of fluorescence
intensity is triggered only by O,’", and there is no obvious
change in the fluorescence intensity when adding other ROS,
RNS, RSS (H,0,, 0,"~, NO, ONOO~, HOCI, H,S, H,S,, HSO; ",
SO;>7, Cys, and GSH), and biorelevant anions and cations
(NO, ™, SO,>~, CH3CO0 ™, Na*, K', Mg**, Fe*", and Cu**). These
results collectively demonstrated the excellent selectivity of
probes NIR-O,"~ and Naph-O,’~ toward O, .

Proposed mechanism

According to previous reports,* O," might induce the release
of a trifluoromethyl group from the hydroxyl group on the flu-
orophores via a nucleophilic addition reaction, and finally yield
a hydroxyl-deprotected product (Scheme S2%1). To verify this
hypothesis, the reaction mixture of Naph-O,  /NIR-O,"  and
O,"~ was analyzed by mass spectrometry. The peaks of two
products with m/z = 515.2 and m/z = 565.1 were observed,
respectively (Fig. S17 and S18f). Furthermore, high-
performance liquid chromatography (HPLC) analysis also
confirmed the reaction mechanism of NIR-O,"~ and Naph-O,"~
with O, (Fig. S19 and S20%). The probe NIR-O,"~ (or Naph-
0, 7) only gives a single peak at 22.1 min (or 19.5 min);
however, the proposed product 7 (or Naph-OH) shows a single
peak at 13.3 min (or 8.5 min). Upon the addition of O," " to the
probe solution for 30 min, a peak corresponding to the
compound 7 (or Naph-OH) appeared at 13.3 min (or 8.5 min)
and the peak of the probe at 22.1 min (or 19.5 min) decreased in
the meantime. Therefore, the results are in good agreement
with the proposed mechanism (Scheme S27).

Fluorescence imaging of O, in living cells

Then, we examined the potential of Naph-O,"~ and NIR-O, ™~ for
monitoring endogenous O, " in living cells by two/one-photon
microscopy imaging. In order to avoid underlying interference
caused by other biological oxidants and nucleophilic reagents,
the selectivity assay of probes to detect O, "~ was further carried
out in cells. H,0, and SO;>~ were selected as the representative

This journal is © The Royal Society of Chemistry 2018
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interfering oxidants and nucleophilic reagents in this experi-
ment. As shown in Fig. 2A and B, HepG2 cells incubated with
free probes Naph-O, ™ or NIR-O, " showed negligible fluores-
cence in the green channel or in the red channel. However,
a dramatic enhancement of fluorescence could be observed
when the cells were pretreated with LPS/IFN-y before incuba-
tion with probes Naph-O, ™ or NIR-O, . In contrast, the cells
displayed minor fluorescence enhancement in both channels
when pretreated with H,0, or SO,>~ before incubation with
probes, which meant that the probes were especially capable of
monitoring endogenous O,"  and had little interference in
living cells. Moreover, the cells were first incubated with 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPO)*® and tiron,>® before the
addition of probes as negative control groups. However, there
was no obvious fluorescence increase observed for the LPS/IFN-
v-pretreated HepG2 cells when stimulated with TEMPO or
titron. The main reason probably comes from the scavenging
effect of TEMPO and titron on cellular O, production. It is
worth noting that in HepG2 and HeLa cells, Naph-O,"~ can also
be used for O, imaging by confocal fluorescence microscopy
(Fig. S21 and S22%). In addition, these probes exhibited low
cytotoxicity to live HepG2 cells when evaluated by MTT assays
(Fig. S231). Taken together, these results demonstrated that
Naph-O,”~ and NIR-O,~ show great potential for specific
imaging of endogenously produced O, in living cells.

To confirm the target specificity of NIR-O,'~ at a subcellular
level, colocalization experiments were performed in HepG2 cells
using the commercial fluorescent probes Mito-Tracker Green
and Lyso-Tracker Red. The cells were pre-treated with LPS/IFN-y
for 12 h and subsequently treated with Mito-Tracker Green or
Lyso-Tracker Red (1 pM) for another 10 min. As shown in Fig. 3,
the fluorescence of NIR-O," " in the red channel overlapped well
with that of Mito-Tracker Green (Pearson's correlation coeffi-
cient: 0.92). In contrast, a poor overlap between the fluorescence

(A) Control

Naph-0,-

(B)

NIR-O,"

Fig. 2 Pseudo-color fluorescence images of probes Naph-O,"~

incubated with probe Naph-O,'~ (5 uM, 30 min)/NIR-O,"~
probe Naph-O,"~ (5 uM, 30 min)/NIR-O,"~

incubated with probe Naph-O,"~
with O~
mL™Y) for 12 h, subsequently incubated with probe Naph-O,"~

(5 uM, 30 min) or NIR-O,"~

and NIR-O5"~
one-photon (B) confocal fluorescence imaging. First column: the fluorescence images of intact HepG2 cells. Second column: cells were

(5 uM, 30 min), subsequently incubated with H,O, (100 uM) (third column) or SOz2~
column) for 30 min, and then imaged. Fifth column: cells were prestimulated with LPS (1 pg mL™
(5 uM, 30 min), and then imaged. Sixth and seventh columns: cells were pretreated
scavenger TEMPO (300 uM) (sixth column) or tiron (10 pM) (seventh column) during stimulation with LPS (1 pg mL™
(5 uM, 30 min) or NIR-O5"~
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of probeNIR-O,’~ and Lyso-Tracker Red was observed (Pear-
son's correlation coefficient: 0.54). We also confirmed that NIR-
0, can target mitochondria in HK-2 cells (Fig. S247). Similar
results were found in the case of Naph-O,"~ (Pearson's corre-
lation coefficient: 0.91) (Fig. S2571). Thus, both probes NIR-O," ™~
and Naph-O,"~ are latent tools for distinguished imaging of
mitochondrial O, ™

Fluorescence imaging of O, ~
in living HK-2 cells

in drug-induced nephrotoxicity

Encouraged by the results described above, we then examined
the potential use of NIR-O,"~ and Naph-O,"~ to visualize O," " in
cisplatin-induced living kidney cells, a commercially available
drug antitumor, which is known to trigger acute kidney
damage.”” The protective effect of antioxidants against
cisplatin-induced oxidative stress would occur in experimental
nephrotoxicity,”** such as r-carnitine (LC), an r-lysine deriva-
tive. We observed that human kidney 2 (HK-2) cells only display
feeble fluorescence when incubated with NIR-O,"~ for 30 min
(Fig. 4a). In contrast, HK-2 cells gave bright fluorescence and
dose-dependent enhancement when the cells were pre-
incubated with different concentrations of cisplatin (100-1000
uM) for 12 h and then treated with NIR-O,"~ for another 30 min
(Fig. 4a-e). A 3.7-fold fluorescence enhancement was observed
after incubation with 1000 uM cisplatin (Fig. 4j). However, the
fluorescence is significantly reduced (Fig. 4f-j) in a dose-
dependent way by the pretreatment with r-carnitine (LC),
a known antioxidant that could against cisplatin-induced
oxidative stress in experimental nephrotoxicity.>® Moreover,
a similar fluorescence change could be observed by using probe
Naph-O," in a two-photon model in HK-2 cells in cisplatin-
induced nephrotoxicity (Fig. S261). In short, these observa-

tions indicate that NIR-O,"~ and Naph-O,’~ are promising
LPS/IFN-y LPS/IFN-y
LPS/IFN-y
+TEMPO +Tiron

in HepG2 cells under different conditions by two-photon (A) or

(5 uM, 30 min) and then imaged. Third and fourth columns: cells were pretreated with

(100 uM) (fourth
Y and IFN-v (50 ng mL™) for 12 h, subsequently

Y and IFN-v (50 ng
(5 uM, 30 min), and then imaged. The fluorescence

images were captured from the green channel of 500-550 nm and 663-738 nm with excitation at 800 and 640 nm, respectively. Scale bar:

10 pm.
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Fig. 3 Intracellular localization of NIR-O,"~ in HepG2 cells. Images of HepG2 cells pre-treated with LPS (1 pg mL™) and IFN-y (50 ng mL™) for
12 h, then incubated with 5 uM NIR-O,"~ for 30 min and subsequently added 1 uM Mito-Tracker Green (or 1 uM Lyso-Tracker Red) for 10 min.
First column: green channel of Mito-Tracker Green (Aex = 488 nm, A¢r, = 500-550 nm) and Lyso-Tracker Red fluorescence (Aex = 561 nm, Aem =
570-620 nm); second column: red channel of the probe (Aex = 640 NmM, Ao = 663-738 nm); third column: merged signal. Scatter plot: the
overlap of green and red channel images. Line profile: intensity profile of the white line in image overlap. Scale bar: 10 um.

(20 mg kg~ ) to generate an AKI model and PBS was used as the
control group. After 48 h, the mice were sacrificed and the
kidneys were sectioned for tissue fluorescence imaging. The
kidney slices were treated with probe Naph-O,"~ (10 uM) or NIR-
0, (5 pM) for 30 min. As shown in Fig. 5, compared to the
control group, the kidney tissues from cisplatin-induced AKI

probes for the detection of endogenous O, " in live cells. In
addition, the increase of O, " level is closely related to the drug
induced AKI process in living HK-2 cells.

Living kidney tissues imaging of O," ™ in drug-induced

nephrotoxicity

Next, the capability of probes for monitoring O," ™ in live tissues
was evaluated in a drug-induced AKI mouse model. BALB/c

mice exhibited a distinctly enhanced fluorescence in the green
or red channel, which indicated that probes Naph-O,"~ and
NIR-O," are efficient in evaluating cisplatin-induced AKI.

mice were first intraperitoneally injected with cisplatin Moreover, the fluorescence signal changes can be detected in

a) Control b) 100 pM cisplatin |C) 300 puM cisplatin 45 j)
T
——r —"r 2 3.0l
d) 600 uM cisplatin |€) 1000 uM cisplatin |f) 100 pM LC =
+ 1000 puM cisplatin 2
S
£
r
o
2
=
% 1.5
g) 400pMLC [h) soopMLC [i) 1000 pMLC |4
+ 1000 puM cisplatin ] + 1000 pM cisplatin | "+ 1000 pM cisplatin
0.0

abcdefghi

Fig. 4 Fluorescence images of O, in drug-induced nephrotoxicity in HK-2 cells. Images were obtained with the addition of 5 uM NIR-O," " in
the same confocal dish (a—i). (@) The HK-2 cells were treated with 5 uM NIR-O,""; (b—e) cells were pre-treated with different concentrations of
cisplatin (100 uM, 300 puM, 600 uM, and 1000 pM) for 12 h, and then treated with 5 pM probe NIR-O, ™ for 30 min; (f-i) cells were pre-incubated
with different concentrations of LC (100 uM, 400 uM, 800 uM, and 1000 uM) in the presence of cisplatin (1000 puM) for 12 h, and then treated with
5 uM probe NIR-O,"~ for 30 min. (j) Average intensity in (a—i), respectively. Data are expressed as mean =+ SD of three parallel experiments. The
excitation wavelength was 640 nm. The emission band was at 663-738 nm. Scale bar = 10 pm.
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Fig. 5 Fluorescence images of a fresh rat kidney slice with a magnifi-
cation of 10x by two-photon (a and b) and one photon (c and d)
confocal imaging. PBS (320 L) and cisplatin (320 uL, 20 mg kg™%) were
subcutaneously injected into the abdominal cavity of mice to be the
control group (a and c) and to cause acute kidney injury (b and d),
respectively. After 48 h, the kidney was dissected and then incubated
with Naph-O,'~ (10 uM, a and b) and NIR-O,"~ (5 uM, ¢ and d) for
30 min. (e and f) Average fluorescence intensity in panels (a—d).
Excitation at 800 nm (two-photon laser, a and b) and 640 nm (one-
photon laser, ¢ and d). Emission bands were at 500-550 nm in the
green channeland 663-738 nm in the red channel. Scale bar: 100 pm.

kidney tissue-incubated Naph-O,"~ at a depth of 130 pm in the
two-photon mode (Fig. S271). The imaging depth can be
detected to be 50 pm deeper than that in the one-photon mode
(Fig. S28t). The changes of the detectable fluorescence signal
were also observed in AKI kidney tissues within 110 um by using
probe NIR-O, ~ (Fig. S297). In summary, these results demon-
strated that both Naph-O,"~ and NIR-O, "~ are capable of visu-
alization of O, in living kidney tissues by using two/one
photon fluorescence imaging, further showing their capability
in renal injury studies.

Fluorescence imaging of O, "~ in drug-induced nephrotoxicity
in vivo

Afterwards, we applied probe NIR-O,"~ to trace the endogenous
0O, level in vivo, which is due to drug-induced AKI. As shown in
Fig. 6A, the cisplatin treated intact mice exhibited a substantial
enhancement of fluorescence, indicating an increased level of
O,'” in AKI. Interestingly, increased fluorescence signals in the
liver region were observed in cisplatin-treated mice (Fig. S307).
We proposed that this may be due to other side effects of
cisplatin, which can lead to liver injury to a less serious extent.>*
To further verify the possibility of monitoring cisplatin-induced
nephrotoxicity in vivo by using NIR-O," ", intraperitoneal injec-
tion of cisplatin in dose-dependent (0, 10 and 20 mg kg™ ") and
time-dependent (12, 24, 48 and 72 h) manners were carried out,
and then the probe (100 pL of 100 uM stock solution) was
injected through the tail vein of the mice. After 45 min, the
kidneys were harvested from the mice for fluorescence imaging.
As shown in Fig. 6B, the images captured from the cisplatin-
stimulated mice exhibited remarkable enhancement of signals
in the kidney, while no change of fluorescence intensity was
observed for the control samples that were only treated with the

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chemical Science

(A)

(8)

0 mg kg™
10 mg kg
20 mg kg
© ~15  12h 315  24n 320 48n ~20 72h
3 s s 2
‘;1.0 =10 51'5 %1'5
3 @ 2 1.0 »1.0
Q @ c
go.s £05 o5 Los
Z 0.0 T o0 o0 0.0
0 10 20 0 10 20 0 10 20 0 10 20
mg kg-1 mg kg-1 mg kg-1 mg kg-1
Fig. 6 (A) In vivo fluorescence imaging of mice that were intraperi-

toneally pre-injected with (a) PBS and (b) 20 mg kg~? cisplatin before
intravenous injection of NIR-O,'~ (100 puL x 200 uM) in PBS. (c)
Average fluorescence intensity in (a and b). (B) Fluorescence images of
the kidney of a series of mice injected intraperitoneally with cisplatin of
varied concentrations (0, 10, and 20 mg kg% for different time periods
(12, 24, 48, and 72 h) and then intravenously injected with the
NIR-O;"™ (100 puL x 100 pM). (C) Average fluorescence intensity for
images in (B). Values are the mean + SD for n = 4.

probe. The results indicated that the cisplatin could cause
severe acute kidney injury at a 20 mg kg~ dose and 48 h
treatment time (Fig. 6C). Consequently, it is conceivable that
NIR-O, " is appropriate for evaluating cisplatin-induced neph-
rotoxicity in response to oxidative stress.

Finally, probe NIR-O,"~ was employed to evaluate cisplatin-
induced nephrotoxicity and r-carnitine (LC) remediation in
vivo (Fig. 7A). The experiment was divided into three groups.
One group was injected with PBS (320 pL) in the peritoneal
cavity, followed by intravenous injection with NIR-O,"~ (100 pL,
100 uM) as the negative control group; the second group was
intraperitoneally injected with cisplatin (320 pL, 20 mg kg™ 1),
followed by intravenous injection with the probe NIR-O, ™
(100 pL, 100 pM) 48 h later; while the third group was intra-
peritoneally injected with LC (60 L, 400 mg kg™ ') 48 h before
cisplatin (320 pL, 20 mg kg™ "), followed by intravenous injec-
tion with the probe NIR-O,"~ (100 pL, 100 uM). As shown in
Fig. 7A, the kidney of the mice pretreated with cisplatin
exhibited a distinct fluorescence increase (Fig. 7A(e)) compared
to the control group (Fig. 7A(d)). Excitingly, the fluorescence of
the LC pretreatment group was dramatically suppressed
compared with that of the group without LC, which should be
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Fig. 7 (A) Fluorescence images of the kidney in nephrotoxicity using
NIR-O, . The mice were injected intraperitoneally with (a and d) PBS
(320 pL) or (b and e) cisplatin (320 pL, 20 mg kg ™) for 48 h, or (c and f)
LC (60 pL, 400 mg kg™ for 48 h and cisplatin (320 pL, 20 mg kg™) for
48 h in succession, then intravenous injected with the NIR-O,~
(100 pL, 100 puM) for 45 min, and subsequently the kidney was
dissected for imaging. Excitation at 640 nm. Emission channel at
695-770 nm. (B) Representative H&E staining images of the kidney of
mice in panel (A). Scale bar: 100 pm.

ascribed to the alleviation of the kidney injury caused by the
drug LC (Fig. 7A(f)). It is worth noting that a similar phenom-
enon can be observed in the liver with a smaller variation degree
of fluorescence (Fig. S31t), which may be a slight liver injury
caused by the side effects of drug cisplatin.** In addition, the
protective effect of LC was also identified by hematoxylin-eosin
(H&E) staining. Compared with the cisplatin treated kidney, the
proportion of injured kidney tissues is much smaller when
pretreated with LC (Fig. 7B). The results indicated that LC could
reduce the injury caused by cisplatin to the kidney, which was
consistent with fluorescence imaging (Fig. 7A). To the best of
our knowledge, NIR-O," " is the first NIR fluorescent probe for
the imaging of O," in drug induced nephrotoxicity.

Conclusions

In summary, we have constructed a two-photon fluorescent
probe Naph-O,’~ and a NIR fluorescent probe NIR-O,"~ with
mitochondria-targeting ability by probe-screening strategies,
which are used for highly selective monitoring of O, ™ in vitro
and in vivo. The utility of these reaction-based probes for O, ™
detection has been fully verified in terms of their excellent
sensitivity and selectivity to various biological oxidants and
nucleophilic reagents. Moreover, the excellent performance in
cell and tissue imaging illustrated that probes Naph-O, ™ and
NIR-O, " could be used to monitor endogenous O,"~ by two-
photon or one-photon fluorescence confocal microscopy.
Furthermore, probe NIR-O,"~ was further demonstrated to be
able to visualize the cisplatin-induced acute kidney injury and
LC remediation related to O, ™ levels in vivo for the first time.
We anticipate that these probes can serve as promising
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fluorescent tools for facilitate biomedical study on the roles of
0O, in various kidney injury diseases.
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