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a b s t r a c t

Monoamine oxidase A (MAO-A) is a prominent myocardial source of reactive oxygen species (ROS), and

its expression and activity are strongly increased in failing hearts. Therefore, accurate evaluation of MAO-

A activity in cardiomyocytes is of great importance for understanding its biological functions and early

diagnosing the progression of heart failure. However, so far, there is no report on the fluorescent diagno-

sis of heart failure by a specific probe for MAO-A. In this work, two far-red emissive fluorescent turn-on

probes (KXS-M1 and KXS-M2) for the highly selective and sensitive detection of MAO-A were fabricated.

Both probes exhibit good response to MAO-A, one of which, KXS-M2, performs better than the other one

in terms of a fluorescence increment and sensitivity. Using the pioneering probe KXS-M2, specific fluo-

rescence imaging of MAO-A in glucose-deprived H9c2 cardiac cells, zebrafish and isoprenaline-induced

failing heart tissues was achieved, proving that KXS-M2 can serve as a powerful tool for the diagnosis

and treatment of heart failure.

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

Medica, Chinese Academy of Medical Sciences.

Heart failure (HF) is an inevitable terminal stage for most car-

diac diseases. This disease is known to be associated with multifar-

ious etiologies and an estimated 64.3 million people are suffering

from it so far. Remarkable advances in the treatment and preven-

tion of HF have been made in the past two decades, while its in-

cidence and prevalence rates still continue to increase due to the

global demography of aging [1]. As a consequence, there is still an

urgent need to continue to investigate the diagnosis, pathogenesis,

and treatment of HF.

Among the mechanisms involved in the etiopathogenesis of HF,

substantial evidence indicates that overproduction of reactive oxy-

gen species (ROS) and the resulting oxidative damage play an im-

portant role in the initiation and progression of this disease [2–5].

Monoamine oxidases (MAOs) are outer mitochondrial membrane-

located flavoenzymes, which are responsible for catalyzing the ox-
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idative deamination of neurotransmitters with the generation of

aldehydes and hydrogen peroxide. There exist two isoforms of

MAOs termed MAO-A and MAO-B in mammals. The two enzymes

share high structural homology and the same catalytic mechanism,

but differ significantly in their biological functions [6]. MAO-A is

a classical therapeutic target for depression [7,8], while, in recent

years, a growing number of researches revealed that the protein

expression and enzymatic activity of MAO-A increased significantly

in pathological cardiac hypertrophy and HF [9–11]. As a prominent

myocardial source of ROS, the overexpressed MAO-A leads to the

excessive production of ROS and accumulation of reactive aldehy-

des in heart tissue, and subsequently activates a battery of signal

pathways involved in the initiation and progression of HF [12–14].

Thus, we propose that MAO-A may serve as a potential biomarker

to predict HF earlier, and development effective methods for mon-

itoring MAO-A activity could facilitate the diagnosis and treatment

of HF.

Fluorescence-based detecting techniques have been grown up

to be an important tool in investigating disease-related biomark-
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ers [15,16]. So far, a great number of small-molecular fluores-

cent probes have been developed for the detection of MAOs [17–

19]. Among them, specific probes capable of distinguishing MAO-

A from MAO-B has received increasing interest and great progress

has also been made, as the two isoforms of MAOs are associated

with different diseases [20,21]. One of the notable design strate-

gies for them is to employ the characteristic structure of clorgi-

line, a MAO-A specific inhibitor, as a targeting moiety, which was

first reported by Ma’s group [22]. Li and coworkers then intro-

duced this enzyme-recognition moiety into the dicyanomethylene-

4H-pyran (DCM) fluorophore to further construct a MAO-A-specific

near-infrared fluorescent probe, and achieved the selective visu-

alization of MAO-A activity in vivo [23]. Very recently, the first

two-photon fluorescent probe for MAO-A was disclosed by Huang’s

group, and successfully applied to in vitro and in vivo imaging [24].

Although several robust probes for MAO-A imaging have been re-

ported, probes with far-red/near-infrared emission and large Stokes

shift which is more suitable for bioimaging of MAO-A in compli-

cated biosystems are still inadequate [25–28]. Moreover, imaging

methods for specific MAO-A determination in the pathology of HF

is in shortage as well.

To this end, we fabricated two novel far-red-emission fluores-

cent probes KXS-M1 and KXS-M2 for specific tracking of MAO-

A, which were designed by using propylamine as a recognition

moiety and chlorine-substituted dicyanoisophorone (DCF) as the

fluorophore [29,30]. After being incubated with MAO-A, the free

DCF fluorophore was liberated based on amine oxidation and β-

elimination mechanism (Scheme 1). The synthetic routes to the

probes and the characterization could be found in Supporting in-

formation.

First, we investigated their ability to selectively detect MAO-A.

The changes of fluorescence intensity were evaluated after incuba-

tion of the probes with the recombinant human MAOs in the PBS

buffer (10 mmol/L, pH 7.4, 20% DMSO). The fluorescence signals

of probe KXS-M1 and KXS-M2 were trigged on by MAO-A with a

∼80 and ∼195-fold increase of the emission intensity, respectively.

However, MAO-B just caused a ∼4 and ∼8-fold fluorescence in-

creases of KXS-M1 and KXS-M2, respectively (Fig. S1 in Supporting

information). The selectivity for MAO-A over MAO-B was calculated

to be 20-fold for KXS-M1 and 24.4-fold for KXS-M2. These results

indicated that both KXS-M1 and KXS-M2 exhibit high specificity to

MAO-A. Considering the higher sensitivity of KXS-M2 for MAO-A

than KXS-M1, KXS-M2 was selected as the fluorescence probe for

the further study.

The UV-vis absorption spectrum of the KXS-M2 solution incu-

bated with MAO-A or MAO-B was tested (Fig. 1A). KXS-M2 exhibits

a strong absorption band centered at 410 nm, and this absorp-

tion maximum decreased after the addition of MAO-A. Meanwhile,

a significant increase in the absorption band centered at 500 nm

appeared, which was consistent with that of DCF, demonstrating

that the MAO-A triggered the release of free DCF. Simultaneously,

a remarkable fluorescence intensity enhancement at 670 nm was

observed (Fig. S1). While, just a faint increase of the absorbance

at 500 nm and fluorescence intensity at 670 nm were observed

when KXS-M2 was incubated with MAO-B. To verify the sensing

mechanism, the high-performance liquid chromatography (HPLC)

experiment was performed. As shown in Fig. S2 (Supporting infor-

mation), the retention time for free KXS-M2 and DCF was 7.02 min

and 26.76 min, respectively. After incubation with MAO-A, the peak

for KXS-M2 decreased, while a new peak appeared which was co-

incide with the retention time of free DCF, indicating that KXS-M2

could be hydrolyzed by MAO-A to liberate the fluorophore DCF ac-

companied with a turn-on fluorescent signal. Together, probe KXS-

M2 could serve as a “turn-on” fluorescent probe for MAO-A detec-

tion. Furthermore, the far-red emission of KXS-M2 toward MAO-A

with an ultra large Stokes shift (170 nm) was very appropriate for

bioimaging applications.

We then evaluated the time dependent emission spectra of

KXS-M2 toward MAO-A (Fig. S3 in Supporting information), the in-

tensity at 670 nm enhanced gradually over incubation time and

reached a plateau within 240 min. Subsequently, the optical re-

sponses of the probe to various concentrations of MAO-A were

determined (Fig. 1B). An obvious increase in fluorescence inten-

sity was observed with the continuous increasing concentration of

MAO-A. Plotting the fluorescence intensity versus concentrations of

MAO-A ranging from 0 to 10 μg/mL gave a good linear relation-

ship (inset in Fig. 1B). According to the 3σ /k method, the detec-

tion limit of MAO-A was calculated to be 9.8 ng/mL, indicating that

KXS-M2 could detect the trace amounts of intracellular MAO-A. In

addition, the kinetic parameters for the MAO-A-activated reaction

of probe KXS-M2 were investigated according to the Lineweaver–

Burk equation. The Michaelis constant (Km) and the maximum of

the initial reaction rate (Vmax) were calculated to be 12.1 μmol/L

and 4.34 nmol mg–1 min–1, respectively (Fig. S4 in Supporting in-

formation). The low Km value indicates a strong affinity between

KXS-M2 and MAO-A, demonstrating that the probe is a good sub-

strate for MAO-A.

Next, we determined the selectivity of KXS-M2 towards MAO-

A in the presence of various potential biological interfering

species, including MAO-B, cellulase, β-galactosidase, lysozyme,

phosphatase, trypsin, DTT, GSH, Hcy, and Cys. KXS-M2 only exhib-

ited an obvious enhancement in the presence of MAO-A (Fig. 1C).

And this fluorescence enhancement was sharply suppressed by

clorgiline (CL) [31], a specific MAO-A inhibitor (Fig. S5 in Sup-

porting information). Then the fluorescence response of KXS-M2 to

MAO-A at the pH ranging from 4.0 to 10.0 were also investigated

(Fig. S6 in Supporting information). The probe itself exhibited a

negligible fluorescence change in the tested pH range. However,

the reaction system displayed remarkable fluorescence enhance-

ment after incubation with MAO-A above the pH range of 6.5−9.5.

Overall, these results indicated that KXS-M2 exhibited good selec-

tivity and high practical value for imaging of MAO-A in physiolog-

ical conditions.

To demonstrate the probe could be used to image intracellu-

lar MAO-A, the cell cytotoxicity of KXS-M2 was evaluated with

SH-SY5Y, HepG2 and H9c2 cells. Results showed that the cells

can be maintained viability up to 95% even after incubation with

10 μmol/L of KXS-M2 for 24 h (Fig. S7 in Supporting informa-

tion), demonstrating that the probe is suitable for imaging in liv-

ing cells. Numerous studies have reported that the expression lev-

els of MAO-A and MAO-B are elevated in human-derived SH-SY5Y

and HepG2 cell lines, respectively [22,24,27]. After treatment with

5 μmol/L KXS-M2 for 3 h, a prominent red fluorescent signal was

observed in SH-SY5Y cells and this fluorescence signal intensity

was significantly decreased by the MAO-A inhibitor CL. Conversely,

pretreating the cells with the MAO-B inhibitor pargyline (PL) only

caused a slight fluorescence change compared to CL. On the other

hand, HepG2 cells treatment with KXS-M2 failed to generate any

fluorescence enhancement (Figs. 1D and E). The above results indi-

cated that KXS-M2 can specifically imaging intracellular MAO-A.

MAO-A is responsible for catalyzing the oxidative deamination

of serotonin (5-HT) and norepinephrine (NE) in the heart, but

produces H2O2 and relative aldehydes as by-products during the

degradation process. Although the overactivation of MAO-A has

been suggested to link to HF, the direct evidence is inadequate

probably due to the lack of detection methods for real-time mon-

itoring of MAO-A activity in the HF process. Consequently, hav-

ing confirmed the efficacy and specificity of KXS-M2 in living

cells, we attempted to monitor MAO-A activity in a cellular model

of HF.
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Fig. 1. (A) UV-vis absorption spectra of KXS-M2 (5 μmol/L) after reaction with MAO-A or MAO-B (10 μg/mL). (B) Fluorescence emission spectra of KXS-M2 (5 μmol/L) after

reaction with MAO-A (0-20 μg/mL) for 3 h (λex = 500 nm). (C) Fluorescence changes of KXS-M2 (5 μmol/L) upon addition of various analytes for 3 h (λex = 500 nm). (D)

SH-SY5Y and HepG2 cells were pretreated with or without an inhibitor (10 μmol/L CL/PL) for 1 h, and then were further stained with KXS-M2 (5 μmol/L) for 3 h. (E) Relative

fluorescence intensity measurements from image (D) by ImageJ software. λex = 488 nm, λem = 625-725 nm. Scale bar: 20 μm. Error bars represent standard deviation

(n = 3). Significance differences (∗∗∗P < 0.001) are analyzed with two-sided Student’s t-test.

Ischemic heart disease is the main cause of HF [32]. Glucose de-

privation (GD) is widely used in generating cell models of ischemia

[33,34]. We incubated the H9c2 embryonic rat cardiac cells with

glucose-free DMEM for 0, 12, 24 and 36 h, and then determined

the MAO-A activity by KXS-M2 staining. The fluorescence intensity

of KXS-M2 increased significantly with the extension of GD time

(Figs. 2A and B). Next, we evaluated the expression levels of MAO-

A in the cells by Western blot analysis (Fig. 2C). The results further

confirmed the reliability of KXS-M2 for imaging MAO-A in living

cells. Considering that MAO-A is located in the outer-membrane of

mitochondria, we then performed the fluorescence colocalization

assays to investigated the subcellular localization of KXS-M2 in

H9C2 cells (Fig. S8 in Supporting information). After the cells were

incubated with KXS-M2 and Mito-Tracker Green or Lyso-Traker

Geen, the overlap coefficient (R) was calculated to be 0.7370 for

mitochondria and 0.7354 for lysosome. Such non-selective imaging

of MAO-A in mitochondria maybe attributed to the diffusion of the

generated fluorophore from the outer-membrane of mitochondria

after a longtime incubation.

Given the far-red emission of KXS-M2, the capability of KXS-

M2 for detecting MAO-A activity in living zebrafish and in failing

heart tissues was subsequently investigated (Fig. 3). Zebrafish incu-

bated with KXS-M2 alone for 3 h exhibited strong red fluorescence.

However, when pretreated with CL for 1 h, the fluorescence signal

was sharply suppressed (Fig. 3G). Pretreating the zebrafish with PL

only caused an inappreciable fluorescence change compared to CL

(Fig. 3H), demonstrating that KXS-M2 can be used to selectively

detect MAO-A activity in vivo.

For failing heart tissue imaging, we generated the mouse HF

model by subcutaneous injection of isoproterenol (ISO) (Approved

by the Institutional Animal Care and Use Committees of Tongji

University). ISO is a nonselective beta-adrenergic agonist and is

widely used to establish mouse models to mimic stress-induced

cardiomyopathy and advanced HF in humans [35]. Heart tissue

Fig. 2. (A) Confocal fluorescence bioimaging of MAO-A activity by KXS-M2 in

glucose-deprived H9c2 cardiac cells. (B) Relative fluorescence intensity measure-

ments from image (A) by ImageJ software. (C) Western blots of MAO-A in glucose-

deprived H9c2 cardiac cells. β-Actin is a loading control for the blot. λex = 488 nm,

λem = 625-725 nm. Scale bar: 20 μm.

slices from the normal saline (NS) group and ISO group were pre-

pared and immediately incubated with KXS-M2 (5 μmol/L) for 3

h at 37 °C. Meanwhile, H&E staining was also performed to iden-

tify the morphological changes of cardiomyocytes after ISO treat-
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Fig. 3. Fluorescence images in zebrafish with KXS-M2 for selective detection of

MAO-A. (A, E and I) Only zebrafish; (B, F and J) Zebrafish were stained with only

probe KXS-M2 (10 μmol/L) for 3 h; (C, G and K) Zebrafish were pretreated with

CL (10 μmol/L) for 1 h and then stained with KXS-M2 (10 μmol/L) for 3 h; (D, H

and L) Zebrafish were pretreated with PL (10 μmol/L) for 1 h and then stained with

KXS-M2 (10 μmol/L) for 3 h. Scale bar: 300 μm.

Fig. 4. H&E staining and fluorescence imaging of MAO-A in heart tissue of mouse

models, and the relative fluorescence intensity measurements of heart tissues by

ImageJ software. Error bars represent the standard deviation (± S.D.) with n = 5.

Significance differences (∗∗∗P < 0.001) are analyzed with two-sided Student’s t-test.

Scheme 1. Proposed sensing mechanism of probe KXS-M1/KXS-M2 toward MAO-A.

ment (Fig. 4). The NS group showed regular arrangement in cardiac

muscle fibers, whereas the ISO group exhibited serious myofibrillar

disorganization, indicating that ISO had induced significant cardiac

impairments. Correspondingly, the fluorescence intensity in the ISO

group was about 2-fold higher than those in the NS group, which

suggested that the activity of MAO-A enhanced with HF. Taken to-

gether, the results of monitoring the relationship between MAO-A

activity and progression of HF proposed that the increased MAO-A

activity may serve as a potential biomarker for the diagnosis of HF.

Finally, to evaluate whether KXS-M2 can serve as an effective

tool to test the efficacy of drugs for the treatment of HF, we

measured the fluorescence intensity changes in H9c2 cells under

GD model with or without the addition of an anti-HF drug, em-

pagliflozin (EMPA) [36]. After stained with KXS-M2, an obvious red

fluorescence signal was observed in the cells exposed to 36 h of

GD, whereas, EMPA dose-dependently reduced the fluorescence in-

tensity (Figs. S9A and B in Supporting information). A cell viability

assay was also performed to confirm the cardioprotective proper-

ties of EMPA under GD conditions. Results indicated that EMPA ex-

erted prominent protective effects on cell viability in the GD model

(Fig. S9C in Supporting information). Taken together, these results

further demonstrated that the MAO-A activity is closely related to

the progression of HF, and the probe KXS-M2 can be utilized for

future research on the diagnosis and treatment of HF.

In summary, two novel far-red fluorescent probes based on

a chlorine-substituted dicyanoisophorone, KXS-M1 and KXS-M2,

have been designed and synthesized to investigate MAO-A activ-

ity in the pathology of HF. Both probes are easy to be synthesized

and exhibit high sensitivity and selectivity for MAO-A. In particu-

lar, KXS-M2 exhibits an ultra large Stokes shift, a prominent far-red

emission, significant fluorescent enhancement and low cytotoxicity.

With our probe KXS-M2, the accurate detection of MAO-A activity

in glucose-deprived H9c2 cardiac cells, zebrafish and ISO-induced

failing heart tissues have been achieved via confocal fluorescence

imaging. Furthermore, our results indicate that the progression of

HF is positively related to the activities of MAO-A, suggesting that

MAO-A may act as a potential indicator of HF.
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