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a b s t r a c t

Epilepsy, as a chronic neurological disease of the brain, is closely related to oxidative stress, and the

peroxynitrite (ONOO−) significantly rise up in this event. Therefore, ONOO− is considered as a potential

biomarker for early prediction of epilepsy. However, some potential diagnostic reagents for epilepsy are

hindered by the blood-brain barrier (BBB). Meanwhile, “drug repurposing” is attracting a growing inter-

est. Edaravone (EDA), as a first-line drug in the clinical treatment of cerebral ischemia, plays antioxidant

roles in scavenging free radicals, promising potential antiepileptic activity. Thus, it is imperative to de-

velop fluorescent probes for monitoring ONOO− fluctuations in the epileptic brain. Hence, we proposed

a novel fluorescent probe with the thiocarbonate as the promising recognition unit for ONOO− and di-

cyanoisophorone derivative as the fluorophore. Moreover, by the “three-in-one” strategy, the introduction

of trifluoromethyl into DCI-ONOO-3 can extend the emission wavelength of the fluorophore, shorten the

response and increase lipophilicity. Consequently, DCI-ONOO-3 was used for monitoring ONOO− fluxes in

brain of epileptic mice and evaluating the antiepileptic efficacy of EDA. It opens up a new way for the

design of BBB permeable fluorescent probes, and provides a convincing new method for the diagnosis

and treatment of epilepsy.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Epilepsy is a neurodegenerative disease occurring at all ages

with high disability and fatality rate. It is a kind of serious dis-

ease which threatens human’s health and life [1–3]. Rapid and ac-

curate diagnosis of epilepsy and effective treatment are essential

to control seizures. Recently, as numerous studies have shown, ox-

idizing stress is one of the precipitating factors, and a large num-

ber of reactive oxygen species (ROS) are produced during epilep-

tic seizure [4–7]. The superoxide anion (•O2
−) produced in the

body rapidly combines with nitric oxide (NO) to generate excessive

ONOO−, which causes irreversible damage to biomacromolecules

for example DNA, protein and so on, leading in turn to neuron

cells death [8–15]. Therefore, oxidative stress should be considered

in the treatment of patients with epilepsy [16,17]. Abnormal lev-

els of ONOO− lead to the redox imbalance in cells, and it may
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serve as the potential diagnostic biomarker and therapeutic target

for epilepsy.

Since 2019, due to the impact of corona virus disease 2019

(COVID-19), the strategy of “drug repurposing” is attracting a grow-

ing interest recently, especially for the research of marketed drugs

for new indications. As we know, edaravone (EDA) is a first-line

drug for the clinical treatment of cerebral ischemia. It was first de-

veloped by Mitsubishi Tanabe Pharma Corporation and approved

for market in Japan in 2001 [18]. EDA has good effects in prevent-

ing and treating cerebral ischemia, and the mechanism of treat-

ment may be related to protect the oxidative injury of nerve cell

through antioxidative action of scavenging free radicals and in-

hibiting lipid peroxidation [19]. Hence, we hypothesize that EDA

might alleviate epilepsy, since the onset of epilepsy is closely re-

lated to oxidative nerve damage. Thus, it is imperative to de-

velop novel methods for monitoring the ONOO− fluctuations dur-

ing seizures for evaluating the efficacy of EDA in the brains of

epilepsy.

https://doi.org/10.1016/j.cclet.2024.109572
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Scheme 1. Design strategy of the fluorescent probes for ONOO− .

Fluorescent probes, as the ideal tool for mapping bioactive

molecules in biological systems because of the superior perfor-

mance of simple operation, high sensitivity, high selectivity, and

non-invasive visualization, have shown excellent effects in diag-

nosing diseases and evaluating pharmacodynamics in recent years

[20–25]. To date, several fluorescent probes have been developed

for real-time detection of enzymes, ROS, active nitrogen (RNS), and

other active molecules for pharmacodynamic evaluation in mice

[26–28]. However, evaluation of EDA for the antiepileptic pharma-

codynamics using fluorescent probes has not been reported. There-

fore, it is necessary to develop a novel near-infrared (NIR) fluores-

cent probe to monitor ONOO− fluctuations in order to evaluate the

pharmacodynamics of EDA in epileptic mice brain. However, few

probes have been able to detect ONOO− in the brain, which limit

the efficacy evaluation of antiepileptic drugs in vivo. Thus, develop-

ment of fluorescent probes that can effectively track endogenous

ONOO− fluctuations in kainic acid (KA) induced seizures is nec-

essary. There are several challenges of probes to achieve the goal,

possessing the characteristic feature of crossing the BBB, high sen-

sitivity, high selectivity and fast response for ONOO− in NIR region.

In view of the above considerations, we are committed to de-

veloping fluorescent probes to visualize ONOO− fluctuations in

the epileptic brain. Hence, we proposed a promising recogni-

tion unit for ONOO−, thiocarbonate derivatives, due to the sus-

ceptibility to oxidation and decomposition under mild conditions

[29]. ONOO− induced probes to remove thiocarbonate deriva-

tives, and significantly restored the fluorescence emission of fluo-

rophores (Scheme 1A). In this study, we firstly designed the probe

DCI-ONOO-1 for detection of ONOO−. However, ONOO− induced

DCI-ONOO-1 to release DCI-OH with emission wavelength at

598nm, which was not suitable for in vivo imaging. As we know,

to construct an ideal fluorescent probe for brain imaging, several

factors must be considered, such as emission wavelength, molec-

ular weight, signal intensity, stability, lipophilicity. Therefore, the

DCI-CF3-OH was developed by introduction of trifluoromethyl into

DCI-OH to adjust the acidity of the phenol hydroxyl group, pro-

longing the emission wavelength at 652nm (Figs. S1 and S2

in Supporting information). Then, DCI-ONOO-2 and DCI-ONOO-3

were following closely synthesized by introducing trifluoromethyl

due to its high lipidsolubility, good metabolic stability, high elec-

tronegativity and bioavailability (Scheme 1B and Scheme S1 in

Supporting information). Subsequently, the physicochemical prop-

erties of the DCI-ONOO-1, DCI-ONOO-2 and DCI-ONOO-3 such as

the oil-water partition coefficient (LogP) and BBB permeability (Pe)

of were investigated, and the corresponding results were 0.71, 1.03,

1.27 for LogP and 1.22, 2.36, 3.27 for Pe, respectively (Figs. S3

and S4, Table S1 in Supporting information). Also, the kinetics of

DCI-ONOO-1, DCI-ONOO-2 and DCI-ONOO-3 with ONOO− were

also studied with response times of 730, 520 and 210 s, respec-

tively (Fig. S5 and Table S1 in Supporting information).

To sum up, by the “three-in-one” strategy, the introduction of

trifluoromethyl in the DCI-ONOO-3 can (1) improve the reaction

activity and shorten the reaction time of DCI-ONOO-3 with ONOO−

by facilitating the hydrolysis of oxidation products, (2) extend the

emission wavelength of the fluorophore into the NIR region by

adjusting the acidity of the phenol hydroxyl group, (3) increase

lipophilicity (Scheme 1C). Taking of these advantages, using the

probe DCI-ONOO-3, we found that the concentration of ONOO− in

the epileptic mice was increased. Importantly, the antagonism of

EDA on epilepsy at different concentrations was explored by ob-

serving ONOO− levels in the brains of epileptic mice treated with

EDA. This provides a compelling method for the accurate diagnosis

of epilepsy and the antiepileptic evaluation of EDA.

Dicyanoisophorone derivatives are used extensively in the de-

sign of fluorescence probes on account of the advantages of

typical D-π-A structure, easy synthesis modification. Thus, we

used dicyanoisophorone as a fluorophore to synthesize the probe

DCI-ONOO-1 for the detection of ONOO− (Scheme S1 in Supporting

information). The presence of ONOO− induced DCI-ONOO-1 to re-

move (4-nitrophenylsulfide)carbonyl and restored the fluorescence

emission of fluorophore (Scheme 1A). By introducing a strong

electron-withdrawing group (trifluoromethyl) at the site of the

phenol hydroxyl group, a new fluorophore is expected to emit NIR

fluorescence (Scheme 1C and Fig. S2 in Supporting information).

As far as we know, trifluoromethyl is widely used in the design

of drugs for the treatment of brain diseases to improve lipophilic-

ity and biocompatibility [30,31]. Therefore, we then developed

the probes DCI-ONOO-2 and DCI-ONOO-3 for ONOO− (Scheme

S1). By screening, DCI-ONOO-3 with the outstanding physico-

chemical and optical properties was used as the target probe to

detect ONOO−. The sensing mechanism of the DCI-ONOO-3 to

ONOO− was confirmed by HRMS and HPLC analysis. As shown in

Fig. S6B (Supporting information), the peaks of 208.9831 ([M-H]−),
357.1221 ([M-H]−), 561.1082 ([M-H]−) were to be the compound

A, DCI-CF3-OH, and the probe DCI-ONOO-3, respectively, demon-

strating that successful release of fluorophore DCI-CF3-OH and

compound A caused by the reaction of DCI-ONOO-3 and ONOO−.
Moreover, the results of HPLC analysis showed that the reten-

tion times of DCI-ONOO-3, DCI-CF3-OH and compound A were

49.5, 11.6 and 34.4min, respectively. Then, with addition of ONOO−

(0.5 equiv.) to the solution of DCI-ONOO-3, the peak at 49.5min

decreased, the peaks at 11.6 and 34.4min were increased, cor-

responding to DCI-ONOO-3, DCI-CF3-OH and compound A. Upon

adding excessive ONOO−, the peak at 49.5min (DCI-ONOO-3)

disappeared, meanwhile, the peaks at 11.6min (DCI-CF3-OH)

and 34.4min (A) increased. The above results indicated that

DCI-ONOO-3 was triggered by ONOO−, restoring the fluorescence

of DCI-CF3-OH (Fig. S6C in Supporting information).

The spectral properties of the DCI-ONOO-3 for ONOO− were

systematically performed in the CH3CN/PBS buffer (10mmol/L,
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Fig. 1. (A) Absorption and (B) fluorescence titration of DCI-ONOO-3 (10 μmol/L) to ONOO− (60 μmol/L) in phosphate buffered saline (PBS) (10mmol/L, pH 7.4, containing

40% MeCN) solution. (C) Fluorescence intensity versus ONOO− concentration at 652nm. (D) Fluorescence spectral response of DCI-ONOO-3 (10 μmol/L) to ONOO− (10 equiv.)

in pH 3–11. (E) Fluorescence response of DCI-ONOO-3 (10 μmol/L) with addition of ONOO− (60 μmol/L) and other species (1mmol/L). (F) The effect of reaction time between

DCI-ONOO-3 (10 μmol/L) and ONOO− (100 μmol/L). λex =500nm, slit/slit=2/2nm.

pH 7.4, 2/5, v/v). The optical titration experiments of DCI-ONOO-3

(10 μmol/L) toward ONOO− (0−60 μmol/L) were carried out. As

shown in Fig. 1A, the absorption peak decreased at 380nm and

increased at 500nm after adding ONOO−. Correspondingly, 61-fold
fluorescence enhancement at 652nm can be observed with an in-

crease of ONOO− concentration (Fig. 1B), and a good linearity was

obtained between the fluorescence intensity and the ONOO− con-

centration (0−60 μmol/L) with the limit of detection calculated

to be around 73nmol/L (Fig. 1C), illustrating the high sensitiv-

ity of DCI-ONOO-3 for ONOO−. Besides, The DCI-ONOO-3 can de-

tect ONOO− over a wide range of pH 5–10 (Fig. 1D), indicating

that DCI-ONOO-3 was suitable for ONOO− detection under com-

plex physiological and biological condition. Moreover, the selec-

tivity of DCI-ONOO-3 for ONOO− was investigated, as shown in

Fig. 1E, only addition with ONOO− generated obvious fluorescence

enhancement, whereas addition of other species (Na+, K+, Fe2+,
Cu2+, Ca2+, Fe3+, Mg2+, Zn2+, Cl−, NO3

−, CO3
2−, SO4

2−, HSO3
−,

Na2S, SO3
2−, NO, NO2

−, H2O2, ClO−, TBHP, 1O2,
•OH, Cys, GSH,

Hcy, NE) showed a negligible response. Finally, as shown in Fig. 1F,

the time-dependent was performed, indicating fast response of

DCI-ONOO-3 to ONOO− in 210 s. All the above results illustrated

that DCI-ONOO-3 has high selectivity, sensitivity and fast response

of ONOO−, showing the possibility of DCI-ONOO-3 for monitoring

ONOO− in biosystem.

Encouraged by the excellent performance of DCI-ONOO-3 for

the detection of exogenous ONOO−, we further explored the ap-

plication of DCI-ONOO-3 in the detection of intracellular ONOO−.
The cytotoxicity of DCI-ONOO-3 for PC12 cells, SH-SY5Y cells

and HT-22 cells was firstly performed by cell counting kit-8

(CCK8) method. As shown in Fig. S7 (Supporting information),

the cells survival rate remained at about 82%, indicating that the

DCI-ONOO-3 presented low cytotoxicity when the concentration

of DCI-ONOO-3 up to 20 μmol/L. Then, DCI-ONOO-3 was used

to fluorescence image of ONOO− in HT22 cells. As shown in

Figs. S8A and D (Supporting information), the fluorescence inten-

sity was concentration-dependent with DCI-ONOO-3. Meanwhile,

Fig. S8C (Supporting information) indicated the high sensitivity of

DCI-ONOO-3 for endogenous ONOO− by flow cytometry. Subse-

quently, we conducted the kinetic study of DCI-ONOO-3 towards

ONOO− within 300 s in HT22 cells, and the fluorescence intensity

gradually enhanced and stabilized in 200 s, indicating a fast re-

sponse of DCI-ONOO-3 for ONOO− (Figs. S8B and E in Supporting

information).

Furthermore, the levels of endogenous ONOO− under oxidative

stress mediated by lipopolysaccharide (LPS) and 3-morpholino-

sydnonimine (SIN-1) were investigated, and the ONOO− fluxes

were also visualized by adding N-acetylcysteine (NAC, a ROS in-

hibitor), Fe(III)tetrakis(1-methyl-4-pyridyl) (FeTMpyP, peroxynitrite

deconstructor) and EDA, respectively. As shown in Fig. 2A, in con-

trast with the DCI-ONOO-3 (10 μmol/L) incubated group, HT22

cells were pretreated with LPS (1 μg/mL) or SIN-1 (100μmol/L),

followed by incubation of DCI-ONOO-3 (10μmol/L), the increased

intensity was observed. However, the cells were pretreated with

LPS or SIN-1, followed by incubation of NAC (1mmol/L), FeTMPyP

(50μmol/L) or EDA (150μmol/L), the fluorescence intensity de-

creased, indicating that EDA has the potential of scavenging

ONOO− in cells and alleviating oxidative stress.

Moreover, we established the cell model of epilepsy by incubat-

ing HT22 cells in Mg2+-free media (ACSF, Artificial cerebro-spinal

fluid (-Mg) [32] for studying antiepileptic efficacy of EDA. The

HT22 cells of epilepsy were incubated with carbamazepine (CBZ,

a clinical drug for epilepsy) and EDA respectively. Fig. 2B showed

that the fluorescence intensity of the HT22 cells of epilepsy incu-

bated with DCI-ONOO-3 increased compared to the control group.

Whereas, after pretreating the epilepsy model groups with CAZ

and EDA, the fluorescence increased compared to the epilepsy

model groups. The above results proved that EDA has the poten-

tial of anti-epilepsy.

Having verified the selectivity and sensitivity of the DCI-ONOO-

3 for ONOO− in living cells, as well as the good BBB permeabil-

ity of the DCI-ONOO-3 by establishing a PAMPA model [33], we

aimed to establish a mouse model of epilepsy [34] suitable for

the study of antiepileptic activity of EDA. In this study, all ani-

mal experiments were conducted in accordance with the proto-

col approved by the Declaration of Animal Welfare and Ethical

Approval of Hebei University, using 5-week-old BALB/c purchased

from the SPF (Beijing) BIO-TECHNOLOGY Co., Ltd. The appropriate

time for KA (20mg/kg) induction to establish epileptic mice was

firstly selected as 0.5 h by Racine grading and fluorescence imag-

ing of ONOO− levels in the mouse brain (Fig. S9 in Supporting in-

formation). Immediately, the mice were divided into four groups:

(a) Control group (injection of DCI-ONOO-3 for 0.5 h), (b) Epileptic

group (KA-induced for 0.5 h, following injection of DCI-ONOO-3 for

0.5 h), (c, d) CBZ or EDA treated epileptic mice groups (KA-induced

for 0.5 h, then treated with CBZ or EDA for 0.5 h, following injection

of DCI-ONOO-3 for 0.5 h). As shown in Fig. 3, the fluorescence in-
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Fig. 2. (A) Fluorescence images of DCI-ONOO-3 in HT22 cells. (a) HT22 cells

were incubated with DCI-ONOO-3 (10 μmol/L) for 20min. (b–e) HT22 cells were

pretreated with LPS (1 μg/mL) for 30min, following incubation of none, or NAC

(1mmol/L), or FeTMpyp (50 μmol/L), or EDA (150μmol/L) for 30min, then incubated

with DCI-ONOO-3 (10 μmol/L) for 20min. (f–i) HT22 cells were pretreated with

SIN-1 (100μmol/L) for 30min, following incubation of none, or NAC (1mmol/L),

or FeTMpyp (50 μmol/L), or EDA (150μmol/L) for 30min, then incubated with

DCI-ONOO-3 (10 μmol/L) for 20min, respectively. (B) Fluorescence images of HT22

cells of epilepsy. (a) Control group, HT22 cells were treated with DCI-ONOO-3 (10

μmol/L). (b–e) The HT22 cells of epilepsy pretreated with EDA or CBZ (0, 50, 100,

150 μmol/L), followed by incubation of DCI-ONOO-3 (10 μmol/L). (C) The fluores-

cence intensity of (A). (D) The relative fluorescence intensity of (C). λex =561nm,

λem =640–745nm. Scale bar: 10 μm. Data are presented as the mean value ± stan-

dard deviation (SD) (n=3). ∗∗∗∗P ≤ 0.0001, ∗∗P < 0.01. ns, no significance.

Fig. 3. (A) Top: fluorescence imaging of mice; Bottom: fluorescence imaging of cor-

responding cerebrum of mice. (a) Control group, only treated with DCI-ONOO-3

(200μmol/L) for 0.5 h. (b–d) The mice treated with none, or CBZ (50mg/kg), or EDA

(50mg/kg) for 0.5 h after injection with KA (20mg/kg) for 0.5 h, then injection with

DCI-ONOO-3 (200μmol/L) for 0.5 h, respectively. λex =510nm, λem =600–700nm.

(B) The relative fluorescence intensity of (A). λex =510nm, λem =600–700nm. Data

are presented as the mean value ± SD (n=3). ∗∗∗∗P ≤ 0.0001, ∗∗P < 0.01, ∗P < 0.05.

tensity of epileptic group increased in comparison to control group.

However, compared to epileptic group, the fluorescence intensity

of CBZ or EDA treated epileptic mice groups decreased to some ex-

tent, indicating the good antiepileptic activity of EDA. This provides

a promising method for the clinical treatment of epilepsy.

In summary, we focused on developing a novel fluorescent

probe passing through the BBB to monitor ONOO− in the brain.

The rational strategy for designing probe DCI-ONOO-3 is pro-

posed by introducing trifluoromethyl groups, solving the require-

ments of NIR emission and lipophilicity of probe for brain imag-

ing. The DCI-ONOO-3 has high signal-to-noise ratio and BBB pen-

etration, achieving real-time monitoring of ONOO− fluctuations in

the epileptic mice brains and evaluating antiepileptic effect of EDA.

This study provides a new strategy for exploring the pathogene-

sis of epilepsy, which helps to better understand the pathology of

epilepsy. It also provides a new reference for clinical treatment of

epilepsy, and accelerates the discovery of potential anti-epileptic

drugs.
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