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a b s t r a c t

Pyrazinamide (PZA), isoniazid (INH) and rifampicin (RFP) are all commonly used anti-tuberculosis drugs

in clinical practice, and long-term medication may cause severe liver damage and toxicity. The level of

peroxynitrite (ONOO–) generated in liver has long been regarded as a biomarker for the prediction and

measurement of drug-induced liver injury (DILI). In this article, we constructed a BODIPY-based fluo-

rescent probe (BDP-Py+) that enabled quickly and sensitively detect and image ONOO– in vivo. Utilizing

this probe, we demonstrated the change of ONOO– content in cells and mice model of DILI induced by

acetaminophen (APAP), and for the first time revealed the mechanism of liver injury induced by anti-

tuberculosis drug PZA. Moreover, BDP-Py+ could be applied to screen out and evaluate the hepatotoxic-

ity of different anti-tuberculosis drugs. Comparing with the existing serum enzymes detection and H&E

staining, the probe could achieve early diagnosis of DILI before solid lesions in liver via monitoring the

up-regulation of ONOO– levels. Collectively, this work will promote the understanding of the pathogen-

esis of anti-tuberculosis drug induced liver injury (ATB-DILI), and provide a powerful tool for the early

diagnosis and treatment of DILI.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Drug-induced liver injury (DILI) is an acute liver disease that

can lead to liver failure [1]. Most of the drugs that need to be taken

long-termly can cause liver damage. Tuberculosis has become a

growing global public health problem because of its long treatment

cycle and difficult to cure [2]. Pyrazinamide (PZA), isoniazid (INH),

and rifampicin (RFP) as the main prescribed medicines are widely

used for the therapy of tuberculosis, which are always required to

take orally for a long term. However, clinical studies have shown

that these three drugs have potential hepatotoxicity and can cause

anti-tuberculosis drug induced liver injury (ATB-DILI) [3,4]. So far,

the pathogenesis of liver injury induced by these anti-tuberculosis

drugs remains unclear, and their diagnosis are usually cumbersome

and difficult. Hence, there is an urgent need to develop an accurate

diagnosis method to study and boost the timely treatment for ATB-

DILI.
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According to reports, reactive oxygen species and reactive nitro-

gen species (ROS and RNS) are usually produced during the pro-

cess of drug-induced liver injury, which may be employed as di-

agnostic biomarkers to predict DILI [5–7]. Among them, peroxyni-

trite (ONOO−) produced by the reaction of superoxide radical an-

ion (O2
•–) and nitric oxide (NO) reflects the level of endogenous

ROS and RNS, which is very suitable for early diagnosis and eval-

uation of DILI [8–10]. Therefore, establishing an accurate detection

method for ONOO− in liver is the key to assessing liver injury.

Due to the extremely short half-life (<10 ms) and high chemi-

cal reactivity of ONOO−, it is imperative to realize its direct visu-

alization in-situ in biological systems [11,12]. Fluorescence imag-

ing technology, as a non-invasive method, can monitor and im-

age various active substances in living organisms [13–31]. Recently,

several probes have been applied to systematically investigate ac-

etaminophen (APAP, a common medicine for treating pain and

fever) induced liver damage using fluorescence imaging technol-

ogy [32–38]. Regardless of the recent development of fluorescent

probes for detecting ONOO−, there are no probes used to system-

atically research the liver injury mechanism of anti-tuberculosis
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Scheme 1. Design of probe BDP-Py+ to ONOO− .

drugs [39–42]. Therefore, to realize the early diagnosis and mech-

anism research of anti-tuberculosis drug induced hepatotoxicity,

constructing a sensitive and efficient fluorescent probe for visual-

izing and imaging ONOO− in vivo is desperately needed.

To solve the above issue, we reported a small molecule probe

(BDP-Py+) to investigate and image elevated ONOO− level in mice

liver for diagnosing DILI. In this probe, the BODIPY dye with high

fluorescence quantum yield serves as the fluorophore [43–45], p-

(bromomethyl)phenol as a self-immolative linker, and borate as the

recognition group [46–48]. The hepatic ONOO− oxidizes the borate

group and induces self-elimination reaction, thus releasing fluo-

rophore and detecting ONOO− (Scheme 1). Thereby, BDP-Py+ could

detect and image ONOO− in vitro and in vivo with high selectivity

and sensitivity. We also utilized APAP, which had a clear mecha-

nism of liver damage (causing liver damage through excessive ox-

idative stress), as a reference to study the liver damage mecha-

nism and degree of liver damage of the first-line anti-tuberculosis

drugs (rifampicin, isoniazid and pyrazinamide) through fluores-

cence imaging technology.

After synthesizing and characterizing the probe BDP-Py+, we

first assessed its spectral properties in simulated physiological con-

ditions (PBS buffer solutions, pH 7.4, 10 mmol/L, containing 30%

CH3CN). As shown in Fig. S1 (Supporting information) and Fig. 1A,

BDP-Py+ itself exhibited a maximal absorption at 580 nm and es-

sentially no fluorescence. Density functional theory (DFT) calcu-

lations proved that BDP-Py+ quenched fluorescence via the PET

mechanism (Fig. S2 in Supporting information). After reacting with

ONOO–, the maximum absorption peak was slightly blue-shifted to

560 nm, accompanied with an obvious color change from blue to

red and a significant fluorescence enhancement (400-fold) at 613

nm. These changes were caused by peroxynitrite-induced oxidation

and self-elimination reactions, which have been validated by mass

spectrometry (Fig. S3 in Supporting information). Kinetic curve

shown that BDP-Py+ could quickly recognize ONOO– within 30 s

(Fig. 1B). Furthermore, the absorption spectrum of BDP-Py+ slowly

blue-shifted, while the fluorescence intensity at 613 nm contin-

uously increased with increasing concentration of ONOO– (0–50

μmol/L, Fig. S4 in Supporting information). More importantly, BDP-

Py+ displayed a satisfactory linearity with the concentration of

ONOO– ranging from 0 to 10 μmol/L, and the detection limit was

Fig. 1. Fluorescence spectral properties of BDP-Py+ . (A) Fluorescence spectra of

BDP-Py+ (10 μmol/L) with and without ONOO− (100 μmol/L). Inset: Correspond-

ing fluorescence image under 365 nm ultraviolet radiation. (B) The reaction kinetics

of BDP-Py+ (10 μmol/L) reacting with ONOO− (100 μmol/L). (C) Linear relationship

between fluorescence intensity of BDP-Py+ and ONOO− concentrations. (D) Fluores-

cence response of BDP-Py+ (10 μmol/L) to various analytes (100 μmol/L). (0) blank;

(1) ONOO−; (2) ClO−; (3) H2O2; (4) •OH; (5) •OtBu; (6) 1O2; (7) NO; (8) O2
•–; (9)

TBHP; (10) K+; (11) Na+; (12) Mg2+; (13) Cu2+; (14) Zn2+; (15) Fe2+; (16) Fe3+; (17)
Al3+; (18) Br−; (19) HS−; (20) SO3

2−; (21) SO4
2−; (22) Cys; (23) Hcy; (24) GSH. Con-

ditions: PBS buffer solutions (pH 7.4, 10 mmol/L, containing 30% CH3CN), λex = 465

nm.

calculated as 50 nmol/L based on 3σ /k (Fig. 1C). These results

demonstrated that BDP-Py+ displayed extremely high sensitivity

to ONOO– and could be used for the detection of trace amounts

of ONOO– in the biosystems. Subsequently, to exclude interference

from other biologically relevant species, we conducted selectivity

and anti-interference experiments. As seen in Fig. 1D and Fig. S5

(Supporting information), among many active substances, the fluo-

rescence enhancement produced by the reaction of BDP-Py+ with

ONOO– have an orders of magnitude advantage. Even H2O2, which

have similar nucleophilicity and oxidization to ONOO–, did not lead

to significant changes in fluorescence. Additionally, the pH stabil-

ity experiments also proved that BDP-Py+ could detect ONOO– in

complex physiological environments (Fig. S6 in Supporting infor-

mation).

The solution tests demonstrated that BDP-Py+ could achieve

rapid and sensitive detection of ONOO– under simulated physio-

logical conditions, and the CCK-8 test also proved that BDP-Py+

exhibited low cytotoxicity and excellent biocompatibility (Fig. S7

in Supporting information). Motivated by these results, we further

evaluated the ability of probe for imaging the exogenous and en-

dogenous ONOO– in living systems. As shown in Fig. S8 (Support-

ing information), when RAW 264.7 cells directly incubated with

SIN-1 (3-morpholinosydonimine hydrochloride, a well-known gen-

erator for ONOO–) and probe for 0-15 min, fluorescent signal (red)

could be found within 5 min (Fig. S8 in Supporting information).

Similarly, notably stronger fluorescent signal in the cells was ob-

served after LPS and IFN-γ (lipopolysaccharide and interferon-γ
can stimulate the endogenous ONOO– formation) stimulation (Fig.

S9 in Supporting information). The above experiments affirmed

that BDP-Py+ could be applied for dynamic tracking ONOO– in

cells.

As a verification experiment, we built DILI model cells to study

the ability of BDP-Py+ imaging and evaluating drug-induced hepa-

totoxicity. According to previous reports [34,41], overdose of APAP

might cause liver damage through excessive oxidative stress, dur-

ing which large amounts of ROS and RNS (including ONOO–) were

produced. Employing the probe, we monitored the alteration of
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Fig. 2. Fluorescence images of liver injury induced by different drugs in HepG2 cells. (A) First line: The cells were treated with BDP-Py+ (10 μmol/L). Second through fifth

lines: The cells were pretreated with different drugs (APAP, PZA, INH, and RFP, 1 mmol/L) for 8 h, and then treated with BDP-Py+ (10 μmol/L) for 10 min. (B-D) Drugs (APAP,

PZA, and INH) affected change in fluorescence intensity in dose- and time-dependent manners in HepG2 cells. λex = 530–570 nm, λem = 575–640 nm. Scale bar: 100 μm.

ONOO– in the DILI model constructed by APAP. Through fluores-

cence imaging, with the increase of APAP concentration (0–1000

μmol/L) and the extension of the medication time (0–8 h), the flu-

orescence of the red channel gradually increased (Figs. S10 and

S11 in Supporting information). Overall, APAP treated HepG2 cells

revealed a dose- and time-dependent fluorescence enhancement

(Fig. S12 in Supporting information). This probe not only captured

and displayed liver damage caused by a small amount of APAP

in a short period of time, but also can track ONOO– caused by

APAP in real time for a long time. As shown in Fig. S12, at 4 h

after cells being treated with APAP, the obvious fluorescence was

observed, with more strong fluorescence signal visible after 8 h.

However, a weaker fluorescence signal was observed at 12 h, which

may be because ONOO– produced in cells was metabolized by the

cells. Taken together, these results implied that BDP-Py+ could ac-

curately monitor the changes in intracellular ONOO– levels during

APAP-induced liver injury.

With the support of these data, then we investigated the eval-

uation function of BDP-Py+ on the hepatotoxicity induced by anti-

tuberculosis drugs. The first-line anti-tuberculosis drugs, such as

PZA, INH, and RFP, all have potential hepatotoxicity, however,

the precise mechanisms of this toxicity are unclear. In following

works, we took advantage of these drugs to construct liver injury

models, and further applied BDP-Py+ to monitor the changes of

ONOO– concentration when anti-tuberculosis drugs induced liver

injury and to explore possible damage mechanisms. As shown in

Fig. 2A, after stimulation with overdose, significant fluorescence

signals were observed in the HepG2 cells incubated with APAP,

PZA, and INH, whereas the HepG2 cells incubated with RFP did

not show any noticeable fluorescence signal. The fluorescence be-

haviors caused by these drugs were consistent in HL-7702 cells

(Fig. S13 in Supporting information). Through DHE (dihydroethid-

ium) staining, we found that APAP, PZA, and INH could induce cells

to produce ROS, while RFP could not cause oxidative burst (Fig.

S14 in Supporting information). These outcomes demonstrated that

the liver damage mechanisms of PZA and INH were the same as

APAP, and these drugs could induce the overproduction of ONOO–

through oxidative stress to cause hepatic damage. However, RFP

induced liver damage through other mechanism than oxidative

stress. Meanwhile, we also verified that PZA and INH could induce

the activation of fluorescence in dose- and time-dependent man-

ners in living cells (Figs. S15-S20 in Supporting information). The

results in Figs. 2B-D more clearly showed the dose-effect and time-

effect relationships of APAP, PZA, and INH induced liver injury.

To attest the potential application of BDP-Py+ in vivo, we first

evaluated whether it could sensitively and efficiently realize fluo-

rescence imaging of ONOO– in mice. All animal care and experi-

mental protocols for this study were approved by the Animal Ex-

periment Ethics Committee of Henan University (Reference num-

ber: HUSOM2017-167). The ONOO– was produced in vivo through

acute inflammation induced by LPS in the tibiotarsal joints of

mice. In the mouse model of leg joint inflammation (right leg),

the fluorescence signal intensity gradually increased over time and

reached a plateau within 60 min (Fig. S21 in Supporting informa-

tion). At this time, the fluorescence intensity was still 2.2-fold that

of the control group (left leg). The results showed that BDP-Py+

could be exploited for real-time detection and imaging of ONOO–

in vivo.

Inspired by the findings above, we utilized the drugs-induced

mice liver injury models and BDP-Py+ to investigate the ATB-DILI

mechanisms and evaluate the degrees of hepatic injury of differ-

ent drugs in vivo. To achieve this goal, dose- and time-dependent

experiments were performed. After the administration, the main

organs of the mice were dissected for fluorescence imaging. Com-

pared with the control group, the groups pretreated with APAP

exhibited stronger fluorescence signal, and higher dose of APAP

produced more outstanding fluorescence (Figs. 3A and B). In this

study, we found that obvious fluorescent signal could be captured

after 12 h treated with 100 mg/kg APAP and 4 h treated with 300

mg/kg APAP, and liver damage induced by APAP aggravated over

time (0−12 h, Fig. S22). After 24 h of administration, the decreased

in fluorescence intensity may be due to the metabolism of ONOO–

(Fig. S22). Clinically, hepatic injury can be diagnosed by analyzing

the changes in levels of serum enzymes including AST (aspartate

transaminase), and ALT (alanine transaminase). Therefore, we ad-

ditionally examined the levels of these enzymes in the serum of
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Fig. 3. Fluorescence images of mice organs treated with various concentrations of

(A) APAP (0, 100, 200, 300 mg/kg for 12 h), (C) PZA (0, 100, 200, 300 mg/kg for 12

h), and (E) INH (0, 20, 100, 200 mg/kg for 8 h), respectively. (B, D, F) Fluorescence

intensities of A, C, E. Statistical analysis was performed with a two-tailed Student’s

t-test. ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001, n.s. denotes no significant differ-

ence. λex = 540–580 nm, λem = 590–670 nm.

mice. These liver damage indicators were not significantly, regu-

larly and reliably up-regulated in dose- and time-dependent ex-

periments (Figs. S23 and S24 in Supporting information) demon-

strated that these enzymatic biomarkers were ineffective in the

diagnosis of early liver injury. Besides, the liver tissue sections of

mice stained with hematoxylin and eosin (H&E) demonstrated that

APAP caused damage and necrosis of the liver after 12 h treated

with 200 mg/kg APAP and 8 h treated with 300 mg/kg APAP, the

degrees of damage were aggravated with increasing dose and time

(Figs. S25 and S26 in Supporting information). Comparing with the

serum enzymes detection and H&E staining, the results indicated

that BDP-Py+ could monitor the up-regulation of ONOO– levels to

achieve early diagnosis of DILI before solid lesions in liver.

Based on the above studies, we also explored the liver injury

models induced by PZA and INH. Fortunately, PZA-induced liver in-

jury also had similar dose- and time-dependent effects (Figs. 3C

and D, Fig. S27 in Supporting information). It is worth noting that

INH produced more serious liver damage. When higher doses of

INH (300 mg/kg and 200 mg/kg) were intraperitoneally injected

into mice, they died within 2 h and 12 h, respectively. After adjust-

ing doses, the significant dose- and time-dependent relationships

could still be observed in INH-induced acute liver injury models,

with five-fold fluorescence enhancement for the highest dose com-

pared with the control group (Figs. 3E and F, Fig. S28 in Supporting

information). In consequence, BDP-Py+ could not only be applied

Fig. 4. Fluorescence images of mice organs induced by different drugs. (A) Fluores-

cence images of mice treated with 100 mg/kg (a) APAP, (b) PZA, and (c) INH for 12

h, respectively. (B) Fluorescence intensities of a-c. (C) Fluorescence images of mice

treated with 200 mg/kg (d) APAP, (e) PZA for 12 h, and (f) INH for 8 h, respec-

tively. (D) Fluorescence intensities of d-f. Statistical analysis was performed with a

two-tailed Student’s t-test. ∗∗P < 0.01. λex = 530–570 nm, λem = 575–640 nm.

to explore the liver injury mechanism of anti-tuberculosis drugs,

but also to verify the dose-effect and time-effect relationships of

these drugs.

In order to fully confirm that the hepatotoxicity of INH was

more severe than that of PZA and APAP, we investigated the de-

grees of liver damage induced by the three drugs in the same dose

and the same time. As shown in Figs. 4A and B, significantly much

higher fluorescence intensity was observed in the liver of INH-

treated mice than PZA and APAP-treated mice. Remarkably, at the

same dose, compared with pyrazinamide and APAP, mice treated

with INH exhibited much stronger fluorescence in a shorter pe-

riod of time (Figs. 4C and D). It can be seen that the liver toxic-

ity caused by INH was significantly stronger than that of PZA and

APAP. These data indicated that BDP-Py+ could serve as a promis-

ing tool for screening out and evaluating the hepatotoxicity of dif-

ferent drugs by detecting and imaging ONOO–.

In summary, we designed and synthesized a BODIPY-based flu-

orescent probe BDP-Py+ for rapid, sensitive and efficient detec-

tion of ONOO–. Applying BDP-Py+, we realized the diagnosis and

mechanism research of anti-tuberculosis drug-induced liver injury.

Using APAP as a reference, we verified that the anti-tuberculosis

drugs PZA and INH also produced ONOO– through oxidative stress

to cause liver damage, while RFP via other mechanism. In ad-

dition, BDP-Py+ could be applied to screen out and evaluate

the hepatotoxicity of different drugs. Comparing with the serum

enzymes detection and H&E staining, the probe could monitor

the up-regulation of ONOO¯ levels to achieve early diagnosis of

DILI before solid lesions in liver. Collectively, this work provided

a favorable tool for the diagnosis of DILI, exploring the mech-

anism of DILI, and assessing the degree of drug-induced liver

injury.
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