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A B S T R A C T   

Oxidative stress is considered a key factor contributing to the initiation and development of cardiac injury 
following ischaemia‒reperfusion (I/R). Arachidonate 5-lipoxygenase (ALOX5) is a rate-limiting enzyme for 
leukotriene biosynthesis. MK-886 is an inhibitor of ALOX5 that exhibits anti-inflammatory and antioxidant ac
tivities. However, the significance of MK-886 in preventing I/R-mediated cardiac injury and the underlying 
mechanism remain unclear. Cardiac I/R model was produced by ligation/release of the left anterior descending 
artery. MK-886 (20 mg/kg) was administered intraperitoneally into mice at 1 and 24 h before I/R. Our results 
indicated that MK-886 treatment significantly attenuated I/R-mediated cardiac contractile dysfunction and 
decreased the infarct area, myocyte apoptosis, and oxidative stress accompanied with reduction of Kelch-like 
ECH-associated protein 1 (keap1) and upregulation of nuclear factor erythroid 2-related factor 2 (NRF2). 
Conversely, administration of the proteasome inhibitor epoxomicin and NRF2 inhibitor ML385 greatly abrogated 
MK-886-mediated cardioprotection after I/R injury. Mechanistically, MK-886 enhanced the expression of the 
immunoproteasome subunit β5i, which interacted with keap1 and enhanced its degradation, leading to activa
tion of the NRF2-dependent antioxidant response and improvement of mitochondrial fusion-fission balance in 
the I/R-treated heart. In summary, our present findings indicated that MK-886 could protect the heart against I/R 
injury and highlight that MK-886 may represent a promising therapeutic candidate for preventing ischaemic 
disease.   

1. Introduction 

Acute myocardial infarction (AMI) is a serious clinical syndrome 
related to high mortality and morbidity rates. Rapid restoration of blood 
flow via coronary revascularization is the most effective therapy for 
AMI, but timely reperfusion may cause cardiac impairment, namely, 
cardiac ischaemia‒reperfusion (I/R) injury. At present, no adequate 
treatment is available for this disease [1]. Emerging evidence reveals 
that excessive oxidative stress is closely associated with the pathogenesis 
of cardiac I/R injury. The Keap1-NRF2-antioxidant response element 
(ARE) system is a key defence mechanism against oxidative stress and is 
involved in many diseases, including cancer, neurodegenerative and 
cardiovascular diseases [2,3]. NRF2 is a master transcription regulator 
that controls the expression of various endogenous antioxidant enzymes, 
such as NADPH:quinone oxidoreductase 1 (NQO1), superoxide dismut
ase (SOD), peroxiredoxin 1 (Prdx1), and glutamate-cysteine ligase 

(Gclc), by binding to AREs. Accumulating data support that NRF2 plays 
a critical role in controlling redox homeostasis and protecting against 
cardiac dysfunction [4,5]. Interestingly, NRF2 activity is modulated by 
the ubiquitin Cullin3-based E3 ligase Keap1, which increases poly
ubiquitin chain formation on NRF2 and subsequent degradation of NRF2 
by the proteasome [6]. Increasing evidence has suggested that 
Keap1-NRF2 signalling attenuates oxidative stress and preserves cardiac 
contractile function following AMI and I/R injury [5,6]. Thus, modu
lating this pathway is a promising therapeutic chance for the amelio
ration of I/R-mediated cardiac impairment. 

Arachidonate 5-lipoxygenase (ALOX5, also known as 5-LOX or 
LOG5) is a key enzyme that is necessary for leukotriene biosynthesis 
from arachidonic acid. ALOX5 critically regulates different types of cell 
death by increasing inflammation and lipid peroxidation [7]. Moreover, 
ALOX5 plays fundamental roles in the development of various cardio
vascular diseases, including cardiac I/R injury, atherosclerosis, and 
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abdominal aortic aneurysm, in animal models [8,9]. Therefore, target
ing ALOX5 may serve as a promising strategy for treating these diseases. 
MK-886 has been demonstrated to inhibit ALOX5 activity and exerts 
anti-inflammatory and antioxidant effects by blocking the infiltration of 
polymorphonuclear leukocytes into injured tissues [9]. Multiple studies 
have indicated that MK-886 treatment suppresses inflammation, cancer, 
renal and hepatic I/R injury, and some CVDs, such as atherosclerosis and 
hypertension, in various cellular and animal models [9]. However, the 
functional role of MK-886 in cardiac I/R injury remains to be elucidated. 
Here, our findings identified MK-886 as a new inducer of cardiac pro
teasome expression and activity that prevents I/R-mediated cardiac 
impairment by targeting Keap1-NRF2 signalling and suggest that 
MK-886 may be useful in protecting against I/R-mediated cardiac 
dysfunction. 

2. Materials and methods 

2.1. Mice 

Wild-type (WT) mice on the C57BL/6J background were acquired 
and were kept in the animal center of Beijing Chaoyang Hospital. They 
were all fed regular mouse food and given unrestricted access to water 
throughout the study. All procedures were approved by the Committee 
on the Ethics of Animal Experiments of Beijing Chao-Yang Hospital 
(2020-Animal-164; approved on March 25, 2020) and conformed to the 
Guide for the Care and Use of Laboratory Animals published by the U.S. 
NIH. 

2.2. Cardiac I/R model and drug treatment 

A mouse cardiac I/R model was established through occlusion and 
release of the left anterior descending (LAD) coronary artery based on 
previous protocols [10,11]. In brief, male mice aged 10 weeks (22 ± 2 g) 
were anaesthetized by inhalation of isoflurane (1.5–2.0%). The LAD 
artery was reversibly ligated for 30 min (ischaemia) followed by 24 h of 
reperfusion. The controls underwent the same procedure without artery 
occlusion (sham group). MK-886 (HY-14116, MCE), epoxomicin (a 
proteasome inhibitor, HY-13821, MEC) and ML385 (an NRF2 inhibitor, 
HY-100523, MEC) were dissolved in DMSO and further diluted in corn 
oil. To test the impact of MK-886 on cardiac impairment following I/R, 
24 animals were grouped randomly into four groups (n = 6 per group): 
the sham + vehicle, sham + MK-886, I/R + vehicle, and I/R + MK-886. 
The mice were intraperitoneally administered MK-886 (20 mg/kg) 2 and 
24 h before I/R surgery. To evaluate the effect of epoxomicin (Epox) and 
ML-385 on I/R-mediated cardiac injury, 42 mice were grouped 
randomly into the following groups (n = 6 each group): the I/R +
vehicle, I/R + MK-886, I/R + vehicle + Epox, I/R + MK-886+Epox, I/R 
+ vehicle + ML385, and I/R + MK-886 + ML385. The mice were 
intraperitoneally administered MK-886 (20 mg/kg) and epoxomicin (1 
mg/kg) or ML385 (30 mg/kg) at 2 and 24 h before surgery [12,13]. All 
animals were sacrificed with an injection of tribromoethanol at (500 
mg/kg) 24 h following surgery. Heart tissues and blood samples were 
collected for further experiments. 

2.3. Echocardiographic assessment 

All animals (n = 6) were anaesthetized with isoflurane at dosage of 
1.5% to determine the effect of MK-886 on heart function following 
sham surgery or I/R. Mouse heart rate was not greatly impacted by 
anaesthesia. A Vevo 2100 high-resolution imaging machine was used for 
echocardiography to evaluate heart structure and left ventricular (LV) 
contractile function (Visual Sonics Inc.). As described in previous pro
tocols, echocardiographic parameters, i.e., ejection fraction (EF%), 
fractional shortening (FS%), LV internal diameter at end-diastole 
(LVIDd) and end-systole (LVIDs), LV anterior wall thickness at end- 
diastole (LVAWd) and end-systole (LVAWs), were analysed [10,11]. 

2.4. Infarct area analysis 

All mice (n = 6) were overdosed with 100 mg/kg tribromoethanol by 
intraperitoneal injection, followed by transcardial perfusion with saline 
solution. After religation of LAD artery, approximately 900 μl of Evans 
blue dye (1%) was injected into the LV. Then, all hearts were frozen at 
− 20 ◦C for 15–20 min. They were cut into 4 at a thickness of approxi
mately 2 mm. The heart slices were stained with 1% 2,3,5-triphenylte
trazolium chloride solution (TTC) for 30 min (37 ◦C) to assess the 
infarct area and were then incubated in 4% paraformaldehyde for 24 h. 
Three main zones in the stained heart slices were observed, i.e., a non
ischaemic area (blue), an infarcted area (white), and an ischaemic area 
(red), as previously described [10,11]. All slices were evaluated with 
ImageJ software. ImageJ software was used to examine each section. 
The formula for calculating the area at risk (AAR) was (infarct area +
ischaemic area)/total LV area, and cardiac infarct area was expressed as 
the percentage of infarct area/total LV area. 

2.5. TUNEL assay and measurement of reactive oxygen species levels 

Heart tissues were incubated in 20% sucrose solution and routinely 
embedded in OCT compound (#4583, SAKURA). Cryosections (4 μm) 
were pretreated using 0.2% Triton X-100. Apoptotic cardiomyocytes 
were visualized using a commercial reagent kit (red, #12156792910, 
Roche) following the protocols of manufacturer. Cardiomyocytes were 
identified with an α-actinin antibody (green, #11313-2-AP, Pro
teintech). Nuclei were stained with DAPI (blue, #C1006, Beyotime) as 
previously described [10,11]. The images of TUNEL+ myocytes were 
photographed by a fluorescence microscope (DM2500, Leica, Germany) 
at wavelengths of excitation/emission (450/515 nm), respectively. For 
detection of reactive oxygen species (ROS) levels, 4 μm thick cry
osections were pretreated with 0.5% Triton and were then incubated 
with 1 μM dihydroethidium (DHE) in PBS at 37 ◦C for 30 min. The 
images of 5 random fields were obtained for each heart by a fluorescence 
microscope at wavelengths of excitation/emission (560/620 nm), 
respectively. The percentage of TUNEL+ apoptotic myocytes and DHE 
intensity were evaluated by ImageJ software (NIH). 

2.6. Measurement of LDH activity 

Serum samples were diluted 80 times with distilled water, and the 
level of lactate dehydrogenase (LDH) was determined with a commercial 
kit at a wavelength of 450 nm following manufacturer’s protocol 
(#A020-2-2, Jiancheng Bioengineering Institute, Nanjing). 

2.7. Detection of MDA and SOD activities 

Malondialdehyde (MDA) and SOD activity in serum was measured 
with commercial kits (#S0131, #S0101 M, Beyotime) at a wavelength of 
532 nm or 450 nm, respectively, following the manufacturer’s protocols. 

2.8. Analysis of cardiac ATP content 

Ten milligrams of heart tissue (n = 6) was ground in 100 μl ATP 
reaction solution and then centrifuged at 12,000×g for 5 min. The iso
lated supernatants were mixed with ATP working solution at RT for 3–5 
min. Cardiac ATP levels were measured with an automatic microplate 
reader (#30086376, model: Spark) using an ATP Assay Kit (#S0027, 
Beyotime). 

2.9. Immunoblotting 

Total protein was purified from the heart border zone of mice 
following sham surgery or I/R (n = 4) using RIPA buffer (#P0013C, 
Beyotime). The levels of proteins were determined with a commercial kit 
following the manufacturer’s protocol (#23225, Thermo). Equal 
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proteins (40–50 μg) were separated by 10% sodium dodecylsulfate- 
polyacrylamide (SDS)-polyacrylamide gel electrophoresis (PAGE), 
transferred to PVDF membranes, and then mixed with primary anti
bodies (Table S1) overnight. Densitometric analysis of all protein bands 
was analysed with ImageJ software, and each protein band density was 
normalized to the level of GAPDH as reported previously [10]. 

2.10. Quantitative real-time PCR 

Total RNA was purified from heart border zone tissues obtained from 
sham and I/R mice (n = 6) with TRIzol (#9109, TaKara). The cDNA was 
synthesized with total RNA (1 μg) using reverse transcription (RT) 
enzyme mix (#RR047A, TAKARA). The mRNA levels of Bax, Bcl-2, 
interleukin (IL)-1β, IL-6, NOX2, NOX4, TNF-α, NQO1, Gclc, SOD1, and 

Prdx1 were measured by PCR, which was performed with a thermo
cycler (Bio-Rad), and were normalized to the level of GAPDH. The 
primers are provided in Table S2. 

2.11. Measurement of three proteasome activities 

Total protein was isolated from the heart tissues of sham and I/R 
mice. A total of 20 μg lysate proteins were added to 50 μl of reaction 
buffer that contains three fluorogenic peptides, including Z-nLPnLD- 
Glo™ (40 μM), Z-LRR-Glo™ (30 μM), or Suc-LLVY-Glo™ (40 μM), and 
reacted at RT for 10 min. Proteasomal activities (caspase-like, trypsin- 
like, and chymotrypsin-like) in the tissues were evaluated using 
Proteasome-Glo assay kit following the manufacturer’s instructions 
(Promega) as previously reported [14]. The fluorescence intensities 

Fig. 1. MK-886 alleviates I/R-induced reduction of cardiac function. 
(A) Chemical structure and molecular weight of MK-886. (B) Schematic design of the experiments. Male mice were pretreated with MK-886 (10 or 20 mg/kg) and 
then subjected to ischaemia/reperfusion (I/R) for 24 h. (C) Measurement of serum LDH activity in the border zone of ischaemic heart tissues by assay kits (n = 6). (D) 
Echocardiographic images of the left ventricle (LV, left). Scale bar: 0.2 s. Quantification of ejection fraction (EF%) and fractional shortening (FS%) (right, n = 6). (E) 
Quantification of echocardiographic parameters of LV structure, including LV anterior wall thickness at end-diastole (LVAWd) and end-systole (LVAWs), LV internal 
diameter at end-diastole (LVIDd) and end-systole (LVIDs) (n = 6). (F) Images of Evans blue and TTC double staining of the cardiac infarct area (left). Quantitative 
analysis of the infarction area/LV area and AAR/LV area ratios (n = 6, right). The data are expressed as the mean ± SEM, and n represents the number of mice in each 
group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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were measured with an automatic microplate reader (Spark). 

2.12. Statistics 

The data are reported as the mean ± SEM. All results were analysed 
with SPSS (21.0, IBM Corp) or Prism (version 9.0, La Jolla) software. 
Normality plots and Levene variance homogeneity tests were used to 
assess data normality, and bifurcation homogeneity analysis of the data 
was performed. For comparisons of multiple groups, one-way analysis of 
variance was used, with Bonferroni’s or Dunnett’s multiple-comparisons 
test for normally distributed results or the Mann-Whitney test for non- 
normally distributed results. A P value < 0.05 was considered to indi
cate statistical significance. 

3. Results 

3.1. MK-886 alleviates I/R-mediated cardiac infarction and functional 
decline 

To investigate the impact of MK-886 on I/R-triggered cardiac injury, 
we first pretreated WT mice with MK-886 at a dosage of 10 or 20 mg/kg 
and subjected them to I/R as described in previous studies (Fig. 1A–B) 
[15,16]. At 24 h after treatment, measurement of LDH activity (a marker 
of cardiac injury) indicated that neither dose had a significant car
diotoxic effect in sham mice, whereas 20 mg/kg MK-886 significantly 
reduced LDH activity in the hearts of I/R mice (Fig. 1C). Thus, we 
selected 20 mg/kg as the MK-886 dose for the following experiments. At 
24 h after I/R, echocardiographic measurements indicated that the 
I/R-mediated reduction in cardiac contractility, as evidenced by a 
reduced EF% and FS%, was reversed in MK-886-administered mice 
compared with vehicle-administered mice (Fig. 1D, Table S3). Consis
tently, compared with vehicle treatment, MK-886 administration 
dramatically ameliorated I/R-triggered cardiac structural changes, as 
indicated by an increases in LVAWd, LVAWs, LVIDd, and LVIDs 
(Fig. 1E). Moreover, I/R injury significantly increased the cardiac infarct 
area (assessed by TTC/Evans blue staining), as reflected by an increased 
infarct area/LV area ratio, in vehicle-administered mice. Conversely, 
this increase was markedly suppressed in MK-886-treated mice (Fig. 1F). 

3.2. MK-886 suppresses I/R-mediated myocyte apoptosis, inflammation, 
and oxidative stress 

Since MK-886 exerts antioxidant and anti-inflammatory effects, we 
then examined whether MK-886 affects cardiomyocyte apoptosis, 
oxidative stress and inflammatory cytokines, which are the main con
tributors to cardiac dysfunction, in the hearts of I/R mice. Car
diomyocyte apoptosis (TUNEL staining), the percentage of Mac-2+

macrophages, and ROS generation (DHE staining) were markedly 
increased in I/R mice compared with sham mice following vehicle 
administration, but the I/R-induces increases in these measures were 
dramatically blocked in MK-886-treated mice (Fig. 2A–C). Accordingly, 
the Bax/Bcl-2 protein and mRNA ratios, markers of apoptosis, the mRNA 
expression levels of proinflammatory markers (IL-1β, IL-6 and TNF-ɑ) 
and NADPH oxidases (NOX2 and NOX4) and the serum level of MDA (an 
oxidative stress marker) were all lower in MK-886-pretreated mice than 
in vehicle-pretreated mice after I/R (Fig. 2D–H). In contrast, cardiac 
ATP levels and serum levels of SOD (an antioxidative enzyme) were 
higher in MK-886-pretreated mice than in vehicle-pretreated controls 
following I/R (Fig. 2H–I). Collectively, these results reveal that MK-886 
exerts a cardioprotective effect during I/R injury. 

3.3. MK-886 targets Keap1 degradation, leading to activation of NRF2 
signalling and improvement of mitochondrial dynamics 

Excessive oxidative stress is a critical factor contributing to cardiac I/ 
R impairment. The Keap1-NRF2-ARE axis is considered a key signalling 

pathway in abating the detrimental effects of I/R-induced oxidative 
stress on cardiac function [2]. Then, we determined whether MK-886 
influences this pathway in the hearts of I/R mice. Interestingly, immu
noblotting that Keap1 protein expression was significantly increased 
while NRF2 protein expression was downregulated in the I/R mice 
compared with the sham mice at 24 h after surgery, but this change was 
markedly reversed in MK-886-pretreated mice (Fig. 3A). Notably, 
neither I/R nor MK-886 altered keap1 mRNA levels (Fig. 3B), suggesting 
that MK-886 regulates Keap1 at the protein level. Next, we examined the 
mRNA expression of several genes downstream of the Keap1-NRF2-ARE 
axis (NQO1, Gclc, SOD1, and Prdx1), which exert antioxidant effects in 
cardiac I/R injury. As expected, qPCR analysis showed that the 
I/R-mediated downregulation of NQO1, Gclc, SOD1, and Prdx1 mRNA 
expression in heart tissues was dramatically restored in 
MK-886-pretreated mice compared with vehicle-pretreated controls 
(Fig. 3C), suggesting that MK-886 can increase NRF2 transcription by 
reducing keap1 stability. 

Moreover, several studies suggest that Keap1-NRF2-ARE signalling is 
involved in modulating mitochondrial dynamics and function [17–19]; 
therefore, we tested the impact of MK-866 on mitochondrial 
dynamics-related protein expression in the heart. Immunoblotting 
showed that the I/R-mediated enhancement of Drp1 protein and 
reduction of Mfn1/2 protein were also significantly attenuated in the 
hearts of MK-886-pretreated I/R model mice (Fig. 3D). Therefore, these 
data demonstrate that MK-886 has the ability to improve the mito
chondrial fission/fusion balance via Keap1-NRF2 signalling. 

3.4. MK-886 increases cardiac immunoproteasome subunit expression 
and activity 

In addition to the degradation of NRF2 being mediated by the Keap1- 
Cul3-Rbx1 complex, Keap1 itself is negatively regulated via ubiquiti
nation and degradation by the proteasome [20–22]. Given that MK-886 
reduced Keap1 protein levels but not mRNA levels in the hearts of I/R 
mice (Fig. 3A–B), we presumed that MK-886-mediated stabilization of 
the Keap1 protein was regulated by the proteasome in the heart. 
Therefore, we first evaluated the impact of MK-886 on proteasome ac
tivity and discovered that proteasome trypsin-like and 
chymotrypsin-like activities but not caspase-like activity was signifi
cantly increased in heart tissues in the MK-886-administered mice 
compared with the vehicle-administered mice following sham surgery 
and I/R (Fig. 4A). Interestingly, the mRNA levels of three constitutive 
subunits (β1, β2, and β5) and an immunosubunit (β1i) were similar 
between vehicle- and MK-866-administered mice following sham sur
gery and I/R (Fig. 4B). However, the I/R-mediated decrease in β2i and 
β5i mRNA expression levels was markedly inhibited in the heart tissues 
of MK-886-administered mice compared to those of vehicle-pretreated 
mice following I/R (Fig. 4B). Furthermore, immunoblotting validated 
the effect of MK-886 in altering β2i and β5i protein levels in the I/R heart 
tissues of mice (Fig. 4C). Thus, these results indicate that MK-886 is an 
inducer of cardiac β2i and β5i expression. 

3.5. β5i interacts with Keap1 and promotes its degradation in the heart 

To test whether MK-886 regulates the degradation of Keap1 by 
enhancing immunoproteasome activity, we performed coimmunopre
cipitation (Co-IP) with an anti-keap1 antibody using the heart tissues of 
vehicle- and MK-886-treated mice. As expected, the I/R group showed 
considerably higher ubiquitinated Keap1 protein levels than the sham 
control group. Conversely, ubiquitinated Keap1 protein levels were 
markedly decreased in the hearts of MK-886-pretreated mice (Fig. 4D), 
indicating that MK-886 increased proteasome activity to promote the 
degradation of ubiquitinated Keap1 in the I/R hearts. 

To explore how β2i and β5i regulate Keap1 degradation in the I/R 
hearts, we performed coimmunoprecipitation (IP) with IgG control, anti- 
β5i, anti-β2i or anti-keap1 antibody and examined whether there was an 
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interaction between the endogenous immunoproteasome subunit β5i or 
β2i and Keap1. Immunoblotting indicated that β5i but not β2i interacted 
with Keap1 (Fig. E–F). Together, these data indicate that MK-886 me
diates the degradation of ubiquitinated Keap1 by increasing the inter
action of β5i and Keap1 in the heart following I/R. 

3.6. Blockage of proteasome activity abolishes MK-886-mediated 
degradation of Keap1 and prevents cardiac I/R injury 

To evaluate whether proteasome activity is involved in the impact of 
MK-886 on keap1 degradation and cardioprotection against I/R dam
age, we first analysed the effect of different doses of the proteasome 
inhibitor Epox, which mainly covalently binds to and targets the β5 
subunit, on cardiac injury in mice as previously described [23,24]. 
Neither dose (0.5 nor 1.0 mg/kg) had significant cardiotoxic effects, as 
measured by LDH activity (Fig. S1A), and Epox dose-dependently 
decreased chymotrypsin-like activity but did not significantly change 
caspase-like or trypsin-like activity in the heart (Fig. S1B). Then, we 

pretreated mice with Epox (1 mg/kg) and MK-886 (20 mg/kg) prior to 
I/R. At 24 h after treatment, Epox dramatically decreased 
chymotrypsin-like activity, but caspase-like and trypsin-like activity was 
not different among the groups (Fig. S1C). Consistent with the data 
shown in Fig. 1D–F and Fig. 2, compared with vehicle administration, 
MK-886 administration greatly suppressed the I/R-induced reduction in 
the EF% and FS% and increases in the infarct area/LV area ratio, LV 
chamber dilation (decreased LVIDd and LVIDs), percentage of TUNEL+

apoptotic myocytes, and ROS production as well as the Bax/BCl2 ratio 
and NOX4 mRNA expression in the heart (Fig. 5A–F). Conversely, these 
protective actions were substantially abrogated in Epox- and 
MK-886-cotreated mice (Fig. 5A–F). Moreover, MK-886 significantly 
reversed the I/R-induced enhancement of Keap1 protein expression and 
decrease of NRF2 protein leve, which led to upregulation in the mRNA 
expression of NQO1, Gclc, SOD1, and Prdx1, an increase in serum SOD 
levels and a reduction in serum MDA levels in the heart (Fig. 5G–I). 
However, these changes were fully abolished in Epox- and 
MK-886-cotreated mice (Fig. 5G–I). Consistently, MK-886 treatment 

Fig. 2. MK-886 inhibits I/R-induced cardiomyocyte apoptosis, inflammation and oxidative stress. 
(A) Male mice were pretreated with MK-886 (20 mg/kg) and then subjected to I/R for 24 h. TUNEL (red), α-actinin (green), and DAPI (blue) staining of heart slices 
(left). The percentage of TUNEL+ myocyte nuclei (right, n = 6). (B) Immunohistochemical staining of heart slices with an anti-Mac-2 antibody (left) and quanti
fication of the Mac-2+ area (right, n = 6). (C) Dihydroethidium (DHE) staining of heart slices (left) and quantification of the fluorescence intensity (right, n = 6). 
Scale bar: 50 μm. (D) qPCR analysis of Bax and Bcl-2 mRNA levels in the border zone of the ischaemic heart. The data are presented as the Bax/Bcl-2 ratio (n = 6). (E) 
Immunoblot analysis of Bax and Bcl2 protein levels in ischaemic heart tissues (left) and quantification of relative protein levels (right, n = 4). The results are 
expressed as the Bax/Bcl-2 ratio. (F–G) qPCR analysis of IL-1β, IL-6, TNF-α, NOX2, and NOX4 mRNA levels in the ischaemic heart (n = 6). (H) Detection of serum 
malondialdehyde (MDA) and superoxide dismutase (SOD) levels (n = 6). (I) Relative ATP content in the ischaemic heart. The data are expressed as the mean ± SEM, 
and n represents the number of mice in each group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 3. Effect of MK-886 on the cardiac levels of Keap1, NRF2 and mitochondrial dynamics-related proteins. 
(A) Male mice were pretreated with MK-886 (20 mg/kg) and then subjected to I/R for 24 h. Immunoblot analysis of Keap1 and NRF2 protein levels in the border zone 
of ischaemic heart tissues (left) and quantification of relative protein levels (right, n = 4). (B) qPCR analysis of Keap1 mRNA levels in heart tissues (n = 6). (C) qPCR 
analysis of NADPH:quinone oxidoreductase 1 (NQO1), superoxide dismutase 1 (SOD1), peroxiredoxin 1 (Prdx1) and glutamate cysteine ligase (Gclc) mRNA levels in 
ischaemic heart tissues (n = 6). (D) Immunoblot analysis of phosphorylated (p)-Drp1 (S616), Drp1, Mfn1 and Mfn2 protein levels in ischaemic heart tissues (left) and 
quantification of relative protein band densities (right, n = 4). GAPDH was used as an internal control. The data are expressed as the mean ± SEM, and n represents 
the number of mice in each group. 
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Fig. 4. MK-8886 enhances immunoproteasome subunit expression and activity in the heart after I/R. 
(A) Male mice were pretreated with MK-866 (20 mg/kg) and then subjected to I/R for 24 h. Measurement of proteasome caspase-like, trypsin-like and chymotrypsin- 
like activities in the border zone of ischaemic heart tissue (n = 6). (B) qPCR analyses of the mRNA expression of three constitutive proteasome subunits (β1, β2, and 
β5) and three immunoproteasome subunits (β1i, β2i, and β5i) in ischaemic heart tissues (n = 6). (C) Immunoblot analysis of the protein levels of the immuno
proteasome subunits (β2i and β5i) in ischaemic heart tissue (left). Quantification of relative protein band densities (right, n = 4). GAPDH was used as an internal 
control. (D) At 24 h after sham surgery or I/R, lysates isolated from the heart tissues of vehicle- and MK-886-treated mice were immunoprecipitated with an anti- 
Keap1 or anti-ubiquitin (Ub) antibody. Immunoblot analysis of ubiquitin-conjugated Keap1 (left) and the input for each protein (right). (E-F) Interactions between 
endogenous β5i and Keap1 proteins were examined. Lysates isolated from WT heart tissues were immunoprecipitated with IgG control, anti-β5i, anti-β2i, or anti- 
Keap1 antibody, and immunoblot analysis of Keap1, β5i, and β2i proteins was performed with an anti-Keap1, anti-β5i, or anti-β2i antibody. The data are expressed as 
the mean ± SEM, and n represents the number of mice in each group. 
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resulted in a decrease in Drp1 protein level and an increased in Mfn1/2 
protein levels in the heart, and these effects were markedly attenuated in 
Epox- and MK-886-cotreated mice (Fig. 5G). In addition, Epox had a 
similar preventive effect on MK-886-mediated cardioprotection in mice 
(Fig. 5A–I). Collectively, our findings indicate that MK-886 protects 
against I/R-induced cardiac injury by enhancing immunoproteasome 
activity in vivo. 

3.7. Pharmacological inhibition of NRF2 abrogates MK-886-mediated 
protection against cardiac I/R impariment 

To further confirm whether NRF2 mediates the preventive effect of 
MK-886 against I/R-mediated decrease in cardiac function in vivo, we 
pretreated WT mice with ML385 (a specific NRF2 inhibitor, 30 mg/kg) 
[25] and MK-886 (20 mg/kg), and subsequently subjected them to I/R 
for 24 h. Immunoblotting indicated that NRF2 protein expression was 
upregulated in the MK-886-administered mice compared with the 
vehicle-administered controls, but the increase was markedly inhibited 
in ML385-pretreated mice (Fig. 6G). Moreover, consistent with the 
findings shown in Fig. 5, the MK-886-mediated enhancement of cardiac 
contractile function (FS% and FS%) and decreases in the infarct size, LV 
chamber dilation, the percentage of TUNEL+ apoptotic myocytes, and 
ROS generation as well as the Bax to Bcl-2 ratio and NOX4 mRNA level 
in heart tissue were significantly ameliorated in ML385-and 
MK-886-cotreated mice following I/R (Fig. 6A–F). Furthermore, 
compared with vehicle-treated controls, MK-886-treated mice had a 
lower Drp1 protein level and higher Mfn1/2 protein levels, and these 
changes were reversed in the hearts of ML385-and MK-886-cotreated 
mice (Fig. 6G). Accordingly, the MK-886-induced increases in the mRNA 
levels of NQO1, Gclc, SOD1, and Prdx1 and serum SOD concentration 
and reduction in serum MDA level in heart tissue was markedly atten
uated in ML385-and MK-886-cotreated mice (Fig. 6H–I). Thus, these 
findings indicate that MK-886 ameliorates cardiac I/R injury by 
enhancing NRF2 activation. 

4. Discussion 

Here, we identified a novel role for MK-886 in preventing I/R- 
mediated cardiac damage and dysfunction. MK-886 acts as a protea
some enhancer to upregulate the expression of the immunosubunit β5i, 
which interacts with keap1 and promotes its degradation, leading to 
NRF2-dependent activation of antioxidant enzymes, thereby reducing 
oxidative stress, mitochondrial dynamic imbalance and subsequent 
cardiac damage (Fig. 7). Therefore, MK-886 may represent a promising 
therapeutic agent for the amelioration of I/R-triggered cardiac 
dysfunction in patients. 

The molecular mechanisms of cardiac I/R injury are complex. 
Excessive ROS production and inflammation are the major causes of 
cardiomyocyte death and dysfunction after reperfusion. 5-LOX catalyses 
arachidonic acid (AA) to form leukotrienes, which are crucial for the 
generation of ROS and MDA in various immune and inflammatory dis
eases [7,8]. The functional role of 5-LOX in the pathogenesis of 
I/R-induced cardiac injury has been explored in various experimental 
models, but the conclusions are inconsistent due to cell type and organ 

specificity [9,26–28]. Interestingly, several 5-LOX inhibitors, such as 
zileuton, A-64077, and ardisiaquinone A, have been found to protect 
against ischaemic injury in various organs and tissues in animals [27, 
29]. Notably, MK-886 is another inhibitor of 5-LOX that has 
anti-inflammatory and antioxidant effects [30], and can effectively 
suppress artery injury, pulmonary hypertension, cardiac injury 
following transplantation, and renal, hepatic and intestine I/R injury by 
interfering with inflammation, oxidative stress and apoptosis related 
signalling pathways [31–35]. For example, MK-886 treatment signifi
cantly improves angioplasty-induced arterial injury by reducing depo
sition of platelets and neutrophils, vasoconstrictive response, and 
synthesis of leukotriene B4 [31]. Administration of MK-886 can limit 
global cardiac I/R damage following heart transplantation through 
inhibiting upregulation of cardiac IL-1β, TNF-α, and ICAM-1 levels [32]. 
Furthermore, MK-886 treatment greatly ameliorates pulmonary hyper
tension triggered by angiotensin II or hypoxia in vitro and in vivo [33]. 
MK-886 administration dramatically improves I/R-mediated impair
ment of kidney, liver and intestine associated with lower levels of 
apoptosis, MDA, TNF-α, IL-6, and creatinine in serum or tissues [34,35]. 
However, whether MK-886 is able to prevent I/R-triggered cardiac 
dysfunction and the potential mechanism are largely unclear. Here, we 
identified for the first time that MK-886 can ameliorate I/R-triggered 
cardiac impairment by increasing antioxidant activity and mitochon
drial dynamic balance via the immunoproteasome-Keap1-NRF2 
pathway. 

The standard 20S proteasome contains three constitutive β1, β2 and 
β5 subunits, which exhibit three types of caspase-like, trypsin-like and 
chymotrypsin-like activities. The immunoproteasome is inducible under 
inflammatory conditions and comprises three inducible β-subunits (also 
known as immunoproteasome subunits; β1i, β2i and β5i, which are 
involved in the inflammatory reaction and various immune diseases 
[36]. In particular, our recent studies identified that the expression 
levels of immunosubunits such as β2i and β5i are markedly increased in 
cardiovascular tissues and cells as well as in human patients and that 
these subunits are able to target different substrates, including ATG5, 
PTEN, ATRAP, IKBα, and SOCS3, thereby regulating apoptosis, auto
phagy, oxidative stress, and inflammation in animal models of cardiac 
hypertrophic remodelling, myocardial dysfunction, atrial fibrillation 
and abdominal aortic aneurysm [37–41]. Although numerous protea
some inhibitors, such as bortezomib (velcade), have been developed and 
can be safely administered to treat blood tumours with few side effects, 
very few molecules have been identified as potentially effective pro
teasome enhancers to date. Recently, we identified that ursolic acid (UA) 
is a new enhancer of immunoproteasome subunit expression that can 
prevent cardiac I/R injury [14]. Furthermore, several signalling medi
ators, such as STAT and cAMP-response element-binding protein 
(CREB), can increase immunoproteasome subunit transcription [42]. To 
elucidate how MK-886 upregulates β5i expression, we used the bio
informatic program TargetScan to predict the STAT3 binding site in the 
β5i promoter (Fig. S2A). Immunoblot analysis indicated that I/R 
markedly upregulated the p-STAT3 level, but MK-886 greatly reversed 
this effect (Fig. S2B), suggesting that STAT3 may be involved in regu
lating β5i expression in the I/R hearts. Thus, our data show for the first 
time that MK-886 may act as a new inducer of β5i expression, likely by 

Fig. 5. Inhibition of proteasome activity abrogates MK-886-mediated cardioprotection and activation of Keap1-NRF2 signalling following I/R injury. 
(A) Male mice were pretreated with MK-886 (20 mg/kg) and epoxomicin (Epox, 1 mg/kg) and then subjected to I/R for 24 h. Echocardiographic images of the left 
ventricle (left). Scale bar: 0.2 s. Quantification of EF% and FS% (right, n = 6). (B) Images of Evans blue and TTC staining (left) for analysis of the infarct size and 
quantitative analysis of the infarction area/left ventricular (LV) area and area at risk (AAR)/LV area ratios (right, n = 6). (C) Images of TUNEL (red), α-actinin 
(green), and DAPI (blue) staining of cardiac slices (left) and the percentage of TUNEL+ nuclei (right, n = 6). (D) qPCR analyses of Bax and Bcl-2 mRNA levels in the 
border zone of the ischaemic heart (n = 6) and quantification of the relative Bax/Bcl-2 ratio. (E) DHE staining of cardiac slices (left) and quantification of the 
fluorescence intensity indicating the ROS level (right, n = 6). Scale bar: 50 μm. (F) qPCR analyses of NOX4 mRNA levels (n = 6). (G) Immunoblot analysis of Keap1, 
NRF2, Drp1 and Mfn1/2 protein levels and quantification of relative protein band densities (right, n = 4). GAPDH was used as an internal control. (H) qPCR analyses 
of NQO1, SOD1, Prdx1 and Gclc mRNA levels (n = 6). (I) Measurement of serum SOD and MDA levels by assay kits (n = 6). The data are expressed as the mean ±
SEM, and n represents the number of mice in each group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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Fig. 6. Blockage of NRF2 transcription factor activity abolishes MK-886-mediated cardioprotection against I/R injury. 
(A) Male mice were pretreated with MK-886 (20 mg/kg) and ML385 (30 mg/kg) and then subjected to I/R for 24 h. Echocardiographic images of the left ventricle 
(left). Scale bar: 0.2 s. Quantification of EF% and FS% (right, n = 6). (B) Images of Evans blue and TTC staining in each group for analysis of the infarct size (left) and 
quantitative analysis of the infarction area/LV area and AAR/LV area ratios (right, n = 6). (C) Images of TUNEL (red), α-actinin (green), and DAPI (blue) staining 
(left) and the percentage of TUNEL-positive nuclei (right, n = 6). Scale bars = 50 μm. (D) qPCR analyses of Bax and Bcl2 mRNA levels in the border zone of the 
ischaemic heart (n = 6). The results of Bax and Bcl2 expression analysis are presented as the Bax/Bcl-2 ratio. (E) DHE staining of myocardial slices (left) and 
quantification of the ROS level (right, n = 6). Scale bar: 50 μm. (F) qPCR analyses of NOX4 mRNA levels in the border zone of the ischaemic heart (n = 6). (G) 
Immunoblot analysis of NRF2, Drp1 and Mfn1/2 protein levels in the border zone of the ischaemic hearts and quantification of relative protein band densities (right, 
n = 4). (H) qPCR analyses of NQO1, SOD1, Prdx1 and Gclc mRNA levels (n = 6). (I) Measurement of serum SOD and MDA levels by assay kits (n = 6). The data are 
expressed as the mean ± SEM, and n represents the number of mice in each group. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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inhibiting the transcription factor SATA3. 
Oxidative stress is a critical factor that contributes to I/R-mediated 

cardiac impairment. The ROS level is dependent on a balance between 
the oxidant and antioxidant systems. The Keap1-NRF2-ARE axis is the 
most important pathway that maintains the redox balance by upregu
lating the expression of antioxidant enzymes (NQO1, SOD, Prdx1, and 
Gclc) [5,43]. Dysfunction of this axis results in excessive ROS produc
tion; this increases intracellular Ca2+-dependent activation of calpain 
and calcineurin, which induces the dephosphorylation of Drp1, leading 
to increases in mitochondrial fission and ROS levels, ATP depletion and 
subsequent aggravation of cardiac I/R injury [44]. In addition, NRF2 is 
able to upregulate proteasome expression, which enhances the degra
dation of Drp1 [17]. Here, our data support that MK-886 treatment 
promotes β5i-mediated keap1 degradation and activation of NRF2, 
thereby ameliorating the mitochondrial fission-fusion imbalance via 
downregulation of Drp1 and upregulation of Mfn1/2 (Fig. 3D). This 
change was markedly reversed by inhibitors of the proteasome or NRF2 
(Fig. 5G and 6G), suggesting that MK-886 ameliorates I/R-mediated 
mitochondrial dynamic imbalance though proteasome-keap1-NRF2 
signalling. 

Accumulating data demonstrate that keap1-NRF2 signalling exerts a 
protective effects in experimental models of atherosclerosis, cardiac 
hypertrophy, heart failure, and I/R injury [5]. Thus, modulating the 
activation of the Keap1-NRF2 axis is considered a therapeutic strategy 
for cardiac injury after I/R and myocardial infarction (MI). The E3 ligase 
complex (Keap1-Cul3-Rbx1) is required for the regulation of NRF2 
ubiquitination and subsequent proteasomal degradation [45]. In 
contrast, blocking βTrCP- or Synoviolin/Hrd1-mediated ubiquitination 
of NRF2 attenuates its degradation [46]. In addition to NRF2 ubiquiti
nation and degradation, an alternative mechanism regulating NRF2 
protein stability has been discovered. Several ubiquitin-related en
zymes, including E3 ligases (TRIM15 and TRIM25) and deubiquitinase 
(USP7), can regulate keap1 ubiquitin-mediated proteasomal degrada
tion in cancer cells and cardiac tissues [20–22]. In current study, we also 
detected the expression levels of TRIM15, TRIM25 and USP7 in the heart 
at 6–72 h following I/R and found that the mRNA levels of these en
zymes were not statistically different among the various time points 
(Fig. S3), excluding the potential involvement of these enzymes in 
regulating keap1 stability in the heart after I/R. Moreover, phosphory
lation of p62 (also known as SQSTM1) increases its binding to Keap1 and 
promotes the recruitment of LC3 and autophagy induction, leading to 
degradation of Keap1 and activation of NRF2 signalling in the ischaemic 
heart [47]. In addition to endogenous factors that regulate activation of 

Keap1-NRF2 signalling, numerous small molecules, including natural 
products, have been identified as NRF2 activators. These compounds are 
able to limit Keap1-mediated NRF2 ubiquitination and degradation by 
the proteasome, which enhances NRF2-dependent upregulation of its 
downstream genes [4,6,43]. Previous studies have revealed that MK-866 
regulates several diseases through anti-inflammatory and antioxidant 
activity [31–35]. Here, we provide a new mechanism by which MK-886 
exerts antioxidant effects by increasing β5i-keap1-NRF2 signalling, 
leading to the amelioration of I/R-induced mitochondrial fission–fusion 
imbalance and heart dysfunction (Figs. 3–4). Conversely, blocking β5i or 
NRF2 abolished MK-886-mediated cardioprotection following I/R injury 
(Figs. 5–6). Together, our data for the first time identified that MK-886 is 
a new inducer of NRF2-dependent signalling that exerts its effects by 
enhancing β5i-mediated degradation of keap1 in the heart following I/R 
injury. In addition, previous data indicate that the immunoproteasome 
subunit β5i also targets other signalling mediators, such as IKBα–NF–kB, 
SOCS3, and ATG5, in several cardiac diseases. However, whether 
MK-886 influences the levels of these substrates in the heart after I/R 
needs to be tested in future studies. 

5. Conclusion 

Here, we have revealed a new role for MK-886 as an inducer of the 
immunosubunit β5i, which exerts a cardioprotective effect following I/R 
injury by directly targeting keap1 degradation and activating NRF2- 
dependent antioxidant activity in vivo. Our findings are of potential 
clinical interest, suggesting that MK-886 may be an effective agent for 
the prevention of I/R-mediated cardiac damage. Additional experiments 
are needed to identify the precise mechanism by which MK-886 en
hances β2i and β5i expression in the heart, to verify the effect of MK-886 
in other I/R animals, and to affirm whether MK-886 could be a new 
candidate for the intervention of ischemic diseases in clinical settings. 
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I/R ischaemia/reperfusion 
ALOX5 arachidonate 5-lipoxygenase 
IL-1β interleukin-1β 
IL-6 interleukin-6 
TNF-α tumour necrosis factor alpha 
ATP adenosine triphosphate 
MDA malondialdehyde 
SOD superoxide dismutase 
STAT3 signal transducer and activator of transcription 3 
Keap1 Kelch-like ECH-associated protein 1 
NRF2 nuclear factor erythroid 2-related factor 2 
ARE antioxidant response element 
NQO1 NADPH:quinone oxidoreductase 1 
GPX glutathione peroxidase 
Gclc glutamate-cysteine ligase 
Prdx1 peroxiredoxin 1 
Drp1 dynamin-related protein 1 
Mfn1/2 mitofusin 1/2 
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