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Introduction: Inflammation is a key factor in myocardial ischemia/reperfusion (MI/R) injury. Targeting
leucocyte-mediated inflammation is an important strategy for MI/R therapy. Iminostilbene (ISB), a simple
dibenzoazepine small molecule compound, has a strong anti-neurodegenerative effect. However, no
study has shown the cardioprotective effect of ISB.
Objectives: This study aimed to investigate the role of ISB against MI/R injury and identify its molecular
target.
Methods: To verify the cardiac protection of ISB in vivo and in vitro, we performed rat MI/R surgery and
subjected inflammatory modeling of macrophages. In terms of molecular mechanisms, we designed and
synthesized a small molecular probe of ISB and employed it on the click chemistry-activity-based protein
profiling technique to fish for ISB targets in macrophages. To identify the target, we applied the compet-
itive inhibition assay, surface-plasmon resonance (SPR), cellular thermal shift assay (CETSA), and drug
affinity responsive target stability (DARTS) assay.
Results: In vivo, ISB showed robust anti-myocardial injury activity by improving cardiac function, reduc-
ing myocardial infarction, and inhibiting macrophage-mediated inflammation. In vitro, ISB strongly inhib-
ited the transcription and the expression levels of inflammatory cytokines in macrophages. The pyruvate
a North
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kinase isozyme type M2 (PKM2) was identified as the potential target of ISB through proteomic analysis
and the competitive assay was performed for specific binding verification. Further thermodynamic and
kinetic experiments showed that ISB was bound to PKM2 in a dose-dependent manner. Moreover, in
terms of the biological function of ISB on PKM2, ISB reduced the expression of PKM2, thereby reducing
the expression of HIF1a and the phosphorylation of STAT3.
Conclusion: This study for the first time demonstrated that ISB targeted PKM2 to reduce macrophage
inflammation thereby significantly alleviating MI/R injury.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Myocardial infarction and its secondary reperfusion injury are
the most common and clinically significant myocardial injury
thereby resulting in increasing morbidity and mortality [1,2].
Myocardial ischemia/reperfusion (MI/R) injury involves many
pathological factors, among which inflammatory response is an
important feature [3]. Inflammation and inflammatory cell infiltra-
tion are indicators of MI/R injury [4,5]. Macrophages play a crucial
role in the process of MI/R injury [6-8]. During the early phase of
MI/R, proinflammatory monocytes/macrophages, which secrete a
large number of inflammatory factors (such as interleukin-6 [IL-
6] and interleukin-1b [IL-1b]), further aggravate the myocardial
injury [9], rapidly infiltrate the injury site, and display a strong
inflammatory phenotype [6,10,11]. The abundance of inflamma-
tory macrophages is closely related to the adverse left ventricular
remodeling6. Therefore, targeting inflammatory macrophage sub-
types is an important anti-inflammatory strategy for improving
MI/R injury.

Metabolic remodeling is closely related to the inflammatory
state of macrophages. Inflammatory macrophage subtypes rely
on glycolysis for ATP generation [12-14]. Some glycolytic kinases
are involved in the inflammatory response of macrophages
[12,15]. Pyruvate kinase isozyme type M2 (PKM2), a rate-limiting
enzyme in the glycolytic pathway, functions as an important regu-
lator of inflammation in LPS-stimulated macrophages [16]. As a
transcriptional coactivator, PKM2 forms a complex with hypoxia-
inducing factor alpha (HIF-1a) that enhances transcription of IL-
1b by binding to its promotor in response to LPS [17-19]. In addi-
tion, PKM2 functions as a protein kinase and phosphorylates the
transcription factor STAT3, thereby boosting IL-6 and IL-1b produc-
tion [20,21]. Thus, targeting PKM2 to regulate the metabolic
remodeling of macrophages may provide a new method for the
treatment of inflammatory diseases.

For small organic molecules, nitrogen-containing heterocyclic
alkaloid-type compounds have attracted much attention because
of their extensive biological activities and important pharma-
cophore [22]. Dibenzoazepine derivatives, which are a class of
important heterocyclic compounds, have a wide range of pharma-
cological effects including antidepressive, antiepileptic, analgesic,
anticancer, antidiabetic, and anti-inflammatory activities [23–28].
Some synthetic dibenzoazepine derivatives have also been
reported to possess cardioprotective activities. For example, a
dibenzoazepine derivative, as a GPR4 antagonist, can effectively
improve myocardial infarction in mice [29]. The research on the
heart protection of dibenzoazepine derivatives has a broad pro-
spect. Hajieva et al. have evaluated different aromatic amines and
aromatic imines and found that iminostilbene (ISB) has strong
antiapoptotic, antioxidant and neuronal protective properties
in vitro and worked at low concentrations of sodium molarity
[30,31]. ISB, as a simple dibenzoazepine small molecule compound,
has a strong antineurodegenerative effect. However, no study has
shown the cardioprotective effect of ISB, and the molecular mech-
anisms and potential targets remain to be elucidated.
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The activity-based protein profiling (ABPP), a chemical pro-
teomic technique, identifies the potential targets of compounds
with small molecular probes [32–38]. With the development and
progress of chemical biology, click chemistry (CC) strategy is intro-
duced into the design of small-molecule probe to reflect the change
in functional state of the target protein in cells [32]. In this study,
we first investigated the role of ISB against MI/R injury and its
underlying mechanism in macrophage inflammation, and subse-
quently identified its molecular target using the CC-ABPP technol-
ogy. Additionally, we speculated that ISB alleviated MI/R injury by
modulating macrophage inflammation via targeting PKM2.

Materials and methods

Experimental materials

ISB (�98% purity) was purchased from Aladdin (Shanghai,
China). DiltiazemHydrochloride Tablets (DTZ) was obtained from
Tianbian Pharmaceutical Co., Ltd. (Tianjin, China). The primary
antibody against COX2, IL-1b, HIF1a, STAT3 and p-STAT3 was
obtained from Abcam (Cambridge, UK), and the primary antibody
against Bax, Bcl2 and Caspase-3 was obtained from Proteintech
(Wuhan, China). The PKM2 primary antibody was from CST (Bos-
ton, USA). The recombinant human PKM2 protein was from Abcam
(Cambridge, UK). The rest of the reagents were from Sigma (Merck
KgaA, Germany).

Animals

Male adult Sprague-Dawley rats (240–280 g) were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). SD rats were housed for three days before experi-
ments under standard laboratory conditions. The rats were ran-
domly divided into five experimental groups, namely, sham, I/R,
0.625 mg/kg ISB, 1.25 mg/kg ISB and 16 mg/kg DTZ groups. ISB
and DTZ were suspended in 0.5% (w/v) aqueous solution of car-
boxymethylcellulose and stored at 4 �C. ISB and DTZ table gavage
were performed five days prior to the ischemic operation.

Compliance with ethic requirements

The use of animals was approved by the Laboratory Animal
Ethics Committee of the Institute of Medicinal Plant Development,
Peking Union Medical College, and conformed to the Guide for the
Care and Use of Laboratory (approve number: SLXD-
20190711001).

Myocardial ischemia/reperfusion model

The rats were anesthetized through the intraperitoneal injec-
tion of pentobarbital sodium (40 mg/kg), intubation in the supine
position, and monitoring using electrocardiogram. The chest was
then opened, and the left anterior descending (LAD) coronary
artery was ligated over a tube with a thread from 2 mm below

http://creativecommons.org/licenses/by-nc-nd/4.0/


S. Lu, Y. Tian, Y. Luo et al. Journal of Advanced Research 29 (2021) 83–94
the left atrial appendage [39]. Heart ischemia began when the ST
segment of the ECG raised, and lasted for 30 min. Following ische-
mia, the hearts were reperfused for 24 h or 7 days. The sham group
was subjected to the same procedures but without ligation.
Determination of infarct size

After all treatment, the heart was removed, rinsed with saline,
and frozen using liquid nitrogen for 1 min. Along the heart axis,
the heart was cut into six slices and incubated in 2% TTC (Sigma-
Aldrich; Merck KgaA, Germany) for 15 min at 37 �C in the dark.
After 4% paraformaldehyde was fixed for 24 h, the heart slices were
collected and photographed for preservation. Image J was used to
analyze the infarct (white) and non-infarct (red) areas. The per-
centage of myocardial infarct was calculated as the infarct area
divided by total area.
Myocardial injury indicators of rat serum determination

The levels of creatine kinase MB isoenzyme (CK-MB), lactate
dehydrogenase (LDH) in the serum at 24 h after reperfusion were
detected using a biochemical analyzer. The troponin (cTnT) level
was detected at 24 h after reperfusion using enzyme-linked
immunosorbent assay (ELISA) kit (EXPANDBIO, Beijing, China) in
accordance with the instructions.
Histopathological examination and immunohistochemical analyses

The heart tissue was fixed with 4% paraformaldehyde and
embedded in paraffin. Subsequently, the heart tissue sections were
heated, deparaffinised, and dehydrated before staining with
haematoxylin and eosin (HE). Then the pathological changes of
heart tissue were detected with Aperio S2 Leica Biosystem micro-
scopy (Leica, Wetzlar, Germany). In addition, TUNEL was used to
detect apoptosis in tissue sections in accordance with the reagent
instructions.

The immunohistochemical staining was carried out using SP
Rabbit&Mouse HPR kit (CoWinBiosciences, Beijing, China). Briefly,
the sections were heated, deparaffinised, and dehydrated. Their
antigen was repaired, and the endogenous peroxidase was blocked.
The sections were then incubated in a suitable primary antibody
solution at 4 ℃ overnight, followed by incubation with the corre-
sponding secondary antibody solution. The slides were stained
using the DAB kit, restained with hematoxylin, and observed using
Aperio S2 Leica Biosystem microscopy (Leica, Wetzlar, Germany).
Echocardiography

Cardiac contractile function was evaluated through transtho-
racic M�mode echocardiography by using the Vevo 2100 system
(VisualSonics).
Immunofluorescence staining

The frozen sections were incubated with 1% Triton for 15 min at
room temperature following with Proteinase K working fluid for
30 min. Then the frozen sections were blocked with BSA at room
temperature for 1 h and incubated with primary antibodies against
iNOS (1:100, Abcam) or CD68 (1:100, Abcam) overnight at 4 �C. The
next day, the sections were incubated with secondary antibody at
37 �C in the dark for 1 h. Then nuclei were stained with DAPI. The
fluorescent images were acquired by Tissue Gnostics AX10 analysis
system (Vienna, Austria).
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Raw264.7 macrophage culture and drug treatment

Raw264.7 macrophage was obtained from the National Infras-
tructure of Cell Line Resource (Beijing, China), and cultured in
DMEM containing 10% FBS, 100 U/mL penicillin, and 100 lg/mL
streptomycin and was maintained at 37 �C in 5% CO2. ISB was dis-
solved in DMSO as stock solution and diluted with DMEM basic
medium. The cells were seeded into various plates and pretreated
with ISB for 6 h, and then stimulated with LPS (100 ng/mL) for cor-
responding time.

Nitric oxide (NO) content determination

Cytokine NO generally exists in the supernatant in the form of
nitrate or nitrite. The Griess reaction method was used to deter-
mine the total nitrite concentration to reflect the release level of
NO in cells. The operation was carried out in accordance with the
instructions of the NO assay kit (Beyotime, Shanghai, China).
Briefly, macrophages were incubated with ISB (i.e., 2.5, 5 and
10 lM) for 6 h and incubated with 100 ng/mL LPS for 24 h. The col-
lected cell supernatant was added into the 96-well plate, followed
by the Griess reagent. After the color was stabilized, the absor-
bance was measured at 540 nm by using a Synergy H1 microplate
reader (BioTek, Vermont, USA).

RNA extraction and quantitative real-time PCR (qPCR) analysis

Total RNA was isolated from macrophage lysates and the rat
hearts in the infarct zone using Trizol reagent (Invitrogen, USA).
High-quality RNA was quantified by ultraviolet analysis. The iso-
lated RNA was reverse transcribed to cDNA by using PrimeScriptTM

RT reagent Kit with gDNA Eraser (TaKaRa). cDNA was subjected to
Real-time PCR using SYBR Premix Ex TaqTM (TaKaRa) with lightcy-
clerR 480II (Roche). The primer pairs used in this study were listed
in Table 1. GAPDHwas used for normalization of mRNA expression.
Fold change was calculated using the 2�DDCT method.

Cytokine Enzyme-Linked immune sorbent assay (ELISA)

IL-6, IL-1b and MCP-1 levels were measured in the media col-
lected from RAW264.7 at 6 h after stimulation with LPS (100 ng/
mL), or in the serum of rats with MI/R by using a commercial ELISA
kit (EXPANDBIO, Beijing, China) in accordance with the manufac-
turer’s instructions.

Western Blots

Protein was isolated frommacrophage lysates and the rat hearts
in the infarct zone. Western blots were performed according to
reported protocols [39]. Briefly, 40 lg of total proteins were loaded
per lane, separated using 10% SDS-PAGE, and blotted onto nitrocel-
lulose membranes. The membrane was incubated overnight with
primary antibody. The membranes were washed and incubated
with the corresponding secondary antibody. Finally, the bands
were visualised using an ECL kit (CW0049, CWBIO, Beijing, China).

CC-ABPP assay

Macrophages were lysed in PBS buffer. The protein concentra-
tion was determined using the BCA protein assay and normalized
to 5 mg/mL. Then, 0.4 mL cell homogenate were collected and
incubated for 1 h with DMSO and TT1 (1 and 10 lM) of the same
volume at room temperature. Then click reaction reagents were
added and reacted for 1 h. The samples were incubated with strep-
tavidin beads for 2 h. After sample underwent the centrifugation,
the supernatant was absorbed, and then a 2 � loading buffer was



Table 1
Primers used for quantitative real-time PCR.

Gene Primer sequence (50 to 30) Species

GAPDH F: CTGCGGCATCCACGAAACT mouse
R: AGGGCCGTGATCTCCTTCTG

IL-1b F: TGCCACCTTTTGACAGTGATGA mouse
R: TGTGCTGCTGCGAGATTTGA

iNOS F: CTGCAGCACTTGGATCAGGAACCTG mouse
R: GGAGTAGCCTGTGTGCACCTGGAA

COX2 F: CAGTTTATGTTGTCTGTCCAGAGTTTC mouse
R: CCAGCACTTCACCCATCAGTT

TNFa F: AAACCACCAAGTGGAGGAGC mouse
R: ACAAGGTACAACCCATCGGC

IL-1b F: CCCAACTGGTACATCAGCACCTCTC rat
R: CCTGGGGAAGGCATTAGGAATAGTG

IL-6 F: GATTGTATGAACAGCGATGATGC rat
R: AGAAACGGAACTCCAGAAGACC

GAPDH F: TTCCTACCCCCAATGTATCCG rat
R: CCACCCTGTTGCTGTAGCCATA
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added. The sample was mixed using a vortex and the protein was
boiled for 5 min in a constant-temperature metal bath at 98 ℃ to
denature the protein. The supernatant was centrifuged and
retained for western blot analysis or sliver staining before process-
ing for LC-MS/MS.

Cellular thermal shift assay (CETSA)

CETSA was performed in accordance with a previous study [40].
Briefly, the collected macrophages were lysed with kinase buffer
and centrifuged at 12000 rpm for 20 min, and the supernatant
was retained. The macrophage lysates were divided into two
groups, namely, the DMSO and the 40 lM ISB groups. Each group
was divided into eight equal parts and heat-treated at 46, 50, 54,
58, 62, 66, and 70 ℃ for 3 min. Then, the DMSO and 40 lM ISB
groups were quickly transferred to ice and centrifuged at 12
000 rpm with a cryogenic centrifuge for 10 min. The supernatants
were obtained, added with loading buffer, and analyzed using
Western blot.

Drug affinity responsive target stability (DARTS) assay

DARTS assay was performed according to a previous study [41].
Briefly, the collected macrophages were lysed with NP40 lysate
containing protease inhibitor and centrifuged at 12000 rpm for
20 min. The supernatant was retained and the TNC buffer was
added. The experiment was divided into seven groups, and
100 lL cell lysate was collected from each group. One group was
the control group, and the other six groups were the experimental
groups. The lysates in the experimental groups were added with
varying concentrations of ISB (0, 5, 10, 20, and 40 lM), allowed
to stand at room temperature for 1 h, and added with pronase
(25 lg�mL�1). After 30 min at room temperature, the reactions
were stopped by adding the loading buffer and analyzed via Wes-
tern blot.

Surface-plasmon resonance (SPR)

The Pioneer System was used for SPR analysis and detection.
The recombinant human PKM2 protein was immobilized on the
COOH5 Sensor Chip via 400 mM EDC/100 mM NHS-mediated
crosslinking reaction. ISB and TT1 were dissolved in 100% DMSO
to obtain a concentration of 5 mM and diluted in running buffer
at concentrations ranging from 3.125 lM to 100 lM. The flow rate
is 30 lL/min. The protein contact time was set to 60 s, and the dis-
association time was set to 120 s. Data were analyzed using the
Pioneer SPR System.
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Statistical analysis

Data were collected and analysed blindly, and were presented
as mean ± SD. Statistical analyses were performed using GraphPad
Prism 5.0. One-way ANOVA followed by Tukey’s post-hoc test was
used for multiple comparisons. The statistical significance was set
at P < 0.05.

Results

ISB alleviated cardiomyocyte injury

We first investigated the in vivo myocardial protective effect of
ISB in rat MI/R model. TTC staining showed that the I/R group
exhibited severe myocardial infarction compared with the sham
group, and the application of DTZ (positive control) and ISB
reduced the myocardial infarct size (Fig. 1A and B). HE staining
revealed the pathological features of myocardial damage. The IR
group manifested severe myocardial fibre necrosis, inflammatory
cell infiltration, haemorrhageand architecture disruption in the
infarct zone (Fig. 1C). DTZ and ISB pretreatment significantly
reduced the degree of myocardium injury (Fig. 1C). In addition,
the serum levels of cardiac enzymes were measured at 24 h after
reperfusion. Analysis of CK-MB, LDH and cTnT levels in serum
showed that I/R caused extensive myocardial damage, whereas
DTZ and ISB inhibited these levels in a dose-dependent manner
(Fig. 1D-1F). The effects of ISB on cardiac functions were assessed
by echocardiography at 7 days after reperfusion. As shown by
the M�mode echocardiograms (Fig. 1G), there was significantly
lower ejection fraction (EF) and fractional shortening (FS) in the
MI/R rats compared with sham group at 7 days after MI/R. How-
ever, these cardiac functional abnormalities were significantly
ameliorated in 16 mg/kg DTZ and 1.25 mg/kg ISB-treated MI/R
mice, indicating that DTZ and ISB has the ability to improve cardiac
function after I/R (Fig. 1H-1I).

ISB alleviated cardiomyocyte apoptosis

Apoptosis, an important cause of myocardial cell loss, aggra-
vates inflammatory cell infiltration and inflammatory response
during myocardial I/R injury [42,43]. The antiapoptotic activity of
ISB was determined by TUNEL staining. The I/R group had more
TUNEL-positive cells in the infarct zone than the sham group.
The ISB pretreatment significantly reduced the number of
TUNEL-positive cells (Fig. 2A and 2B). In addition, the immunohis-
tochemical results of caspase-3 showed that ISB can significantly
inhibit the expression of caspase-3 in the infarct zone (Fig. 2C
and 2D). Western blot showed that compared with the sham
group, the expression of pro-apoptosis protein Bax was signifi-
cantly increased, while the expression of anti-apoptosis protein
Bcl2 was significantly decreased in I/R group, which was reversed
after ISB pretreatment (Fig. 2E and 2F). These results established
that ISB exerted an antiapoptotic effect in rats with myocardial I/
R injury.

ISB suppressed the inflammatory response after MI/R

We detected the expression levels of inflammatory substances
in myocardial tissue and serum to investigate the effect of ISB on
inflammatory response after inflicting MI/R injury. As shown in
Fig. 3A-3D, the ISB pretreatment dramatically suppressed RNA
and protein levels of the proinflammatory cytokines IL-1b and IL-
6 compared with the I/R group. In addition, the expression of the
inflammatory proteins COX2, iNOS, pro-IL-1b and cleaved IL-1b
were detected by Western blot. Results indicated that ISB signifi-



Fig. 1. ISB attenuated myocardial ischemia–reperfusion injury in rats. After ISB (0.625, 1.25 mg/kg) and DTZ (16 mg/kg) treatment for five days, the rats have undergone I/R
surgery. (A) The representative images of TTC staining. (B) the TTC statistics graph was displayed. (C) The myocardial pathological damage was detected by HE staining. Scale
bar, 200 lm. (D-F) The levels of CK-MB, cTnT and LDHwere detected. (G) The representative echocardiographic graphs are presented. (H, I) The echocardiographic parameters
were measured. Data are presented as means ± SD (n = 5). #P < 0.05, ##P < 0.01 vs. the Sham group, *P < 0.05, **P < 0.01 vs. the I/R group.
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Fig. 2. ISB relieved myocardial apoptosis after MI/R in rats. (A) Representative images of TUNEL staining. Scale bar: 100 lm. (B) The analysis results of TUNEL-positive cells.
(C-D) Immunohistochemical analysis of caspase-3 was displayed. (E) The representative western blot bands of Bax and Bcl2 in rat myocardial tissue. (F) Quantification of bcl-
2/bax. The data were expressed as the mean ± SD (n = 3). ##P < 0.01, ###P < 0.001 vs. the Sham group, *P < 0.05, **P < 0.01 vs. the I/R group.
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cantly decreased the expression of COX2 and iNOS and inhibited
the activation of IL-1b (Fig. 3E and 3F).

ISB inhibited macrophage inflammation

Macrophages, which are important inflammatory effector cells,
accumulate in the ischemic site after the occurrence of MI/R injury,
participate in the formation of the microenvironment of myocar-
dial inflammation, and affect the process of myocardial inflamma-
tory response [3,44,45]. Therefore, the inhibition of inflammatory
macrophages is important for the improvement of MI/R injury.
To verify the relationship between the anti-inflammatory effect
of ISB and macrophages, we used the surface markers of macro-
phages to identify the infiltration of macrophages after MI/R. The
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percentage of CD86 + macrophages in the infarct zone was deter-
mined by immunohistochemistry. Analysis showed that CD86+

macrophage infiltration increased in the I/R group. ISB treatment
reduced the recruitment of proinflammatory macrophages after
the occurrence of MI/R injury (Fig. 3G and 3H). Simultaneously,
the immunofluorescence double staining results of iNOS and
CD68 confirmed that the anti-inflammatory effect of ISB was
related to the reduction of macrophage inflammation (Fig. 3I-K).
Furthermore, we used LPS-induced macrophage inflammatory
model to investigate the anti-inflammatory effect of ISB in vitro.
First, we examined the effect of ISB on NO in RAW264.7 macro-
phages stimulated by LPS. As shown in Fig. 4A, ISB efficiently
blocked LPS-induced NO release in a dose-dependent manner in
RAW264.7 macrophages. Under LPS stimulation, macrophages pro-



Fig. 3. ISB attenuated IR-induced inflammation in vivo. (A-B) mRNA levels of IL-1b and IL-6 in the hearts of rats quantified by real-time PCR. (C-D) The levels of IL- 1b and IL-6
in serum were measured by ELISA. (E) The representative western blot bands of iNOS, COX2, c-IL-1b, and pro-IL-1b in rat myocardial tissue. (F) The quantification of iNOS,
COX2, c-IL-1b, and pro-IL-1b in rat myocardial tissue. (G) Immunohistochemical analysis of CD86 was displayed. (H) Statistical results of CD86-positive cells. (I) Dual
immunofluorescence staining of iNOS (green) or CD68 (red) and DAPI (blue) in the hearts. (J) The fluorescence intensity of iNOS was statistically represented in the histogram.
(K) Quantification of relative fluorescence intensity. The data were expressed as the mean ± SD (n = 3). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the Sham group, *P < 0.05,
**P < 0.01, ***P < 0.001 vs. the I/R group.
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duce many inflammatory factors, such as TNFa, IL-1b, IL-6, MCP-1,
iNOS and COX2. Consistent with it, the enhanced concentrations of
proinflammatory cytokines (i.e., IL-1b, IL-6, and MCP-1) in the LPS-
89
stimulated RAW264.7 macrophage culture supernatant and the
increased levels of inflammation-related genes (IL-1b, TNFa, iNOS
and COX2) after LPS stimulation were markedly suppressed by



Fig. 4. ISB blocked LPS-induced macrophage inflammation in vitro. (A) NO levels in macrophages after stimulation with LPS ± ISB. (B-D) The levels of IL- 1b, IL-6 and MCP-1 in
supernatants were measured by ELISA. (E-H) mRNA levels of macrophages IL-1b, TNFa, iNOS and COX2 quantified by real-time PCR. (I) The expression levels of TNFa, c-IL-1b,
iNOS, COX2, and b-actin in the LPS-treated macrophages were displayed in western blots. (J) Statistical results of TNFa, c-IL-1b, iNOS and COX2 expression levels. The data
were expressed as the mean ± SD (n = 3). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the Sham group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the I/R group.
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treatment with ISB in a dose-dependent manner (Fig. 4B-H). In
addition, the expression levels of COX2, iNOS, TNFa and cleaved
IL-1b were assessed by Western blot analysis. 10 lM ISB preincu-
bation before LPS stimulation significantly decreased the expres-
sion of COX2, iNOS, TNFa and cleaved IL-1b (Fig. 4I-4J). These
results indicated that ISB inhibited macrophage inflammation.
Target identification

To identify the target of ISB, the ISB probe (TT1) was first con-
structed in this study. The probe synthesis process is shown in
Fig. 5A. We examined the anti-inflammatory effects of ISB and
TT1 to determine that the small molecule probe TT1 did not alter
the biological activity compared to the original compound. We
observed that TT1 showed similar inhibitory activity to ISB in
LPS-stimulated macrophages, suggesting that TT1 can be used for
the subsequent target fishing experiments (Fig. 5B). We used
RAW264.7 macrophage to conduct target identification via CC-
ABPP, as depicted in Fig. 5C. Briefly, TT1 and DMSO were fully
interacted with macrophage protein lysates to proceed the click
chemical reaction. Streptavidin beads were then used to capture
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proteins that interacted with ISB from the lysate. The proteome
was eluted and separated by electrophoresis. As shown in
Fig. 5D, the protein band at 55–70 kDa (band A) was most evident
in the TT1 group, indicating that the protein in this band had a
specific affinity to ISB and probably was the target protein of ISB.
Therefore, the band was subsequently cut and subjected to enzy-
matic hydrolysis and LC-MS /MS identification. The identified pep-
tide sequences were matched with the database. All the protein
results were listed in Excel (Supplemental Data 2). During data
processing, we used a strict cut-off fold change of 2 and
score � 5 as the qualification criterion [46]. Among the possible
protein targets identified by proteomic analysis, PKM2 (58 kDa)
had the highest protein matching score, and it has been shown
to play a pivotal role in macrophage inflammation [17,47]. There-
fore, we believed that PKM2 may be one of the potential targets of
ISB against macrophage inflammation.
PKM2 as a potential target of ISB

We conducted a competitive inhibition experiment to evaluate
the specific binding of ISB to PKM2. The protein that interacted



Fig. 5. Target identification of ISB. (A) Synthesis of biotinylated probe TT1. (B) TT1 inhibited the secretion of NO in LPS-induced macrophages. (C) Schematic diagram of target
identification of TT1 in macrophages lysate. (D) Silver stained proteins co-precipitated with TT1. The data were expressed as the mean ± SD (n = 3). ###P < 0.001 vs. the Sham
group, **P < 0.01 vs. the I/R group.
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with TT1 was captured from the lysate, and ISB was added to make
it interact with the lysate. Given that TT1 and ISB had the same
binding characteristics, ISB competed for the action site of protein
and TT1, thereby reducing the amount of specific protein captured.
Western blot analysis indicated that PKM2 was bound with TT1
efficiently, whereas excessive ISB reduces the binding of TT1 to
PKM2 competitively. This result indicated that PKM2 had a specific
affinity to ISB and was the target protein of ISB (Fig. 6A).

A series of target recognition methods were used to confirm the
binding of ISB to PKM2 target protein. First, we used the cellular
thermal shift assay (CETSA) to verify the target. When the target
protein binds to small molecules, the configuration changes in
the direction of low energy and high stability, and the ability to
withstand high temperature increases. The protocols were similar
to those reported previously [40]. As shown in Fig. 6B, in ISB-
treated cell lysis solution, PKM2 has a stronger tolerance to high
temperature, and the band strength of PKM2 was stronger than
that of DMSO group at high temperature, indicating that PKM2 is
the target of ISB. Simultaneously, we also used Drug Affinity
Responsive Target Stability (DARTS) assay for verification. The
principle of this experiment is that after the protein binds to small
molecules, the protein structure changes in the direction of energy
reduction and is more stable, and the resistance to protease
increases [41,48]. Our data also demonstrated that after protease
was added to the whole protein extract, the content of PKM2
decreased sharply, whereas ISB dose dependently increased the
content of PKM2, indicating that ISB can improve the stability of
PKM2 to protease (Fig. 6C).

Surface plasmon resonance (SPR) can track the interaction
between biomolecules in the natural state in real time and evalu-
ate the intermolecular binding force. SPR is also used to determine
the interaction between ISB and PKM2. As shown in Fig. 6D and 6E,
SPR data analysis revealed that both ISB and TT1 can bind to PKM2
in a dose-dependent manner. ISB interacted with recombinant
PKM2 protein with a KD of 18.6 lM (Fig. 6D). TT1 interacted with
recombinant PKM2 protein with a KD of 40.0 lM (Fig. 6E).

PKM2 is a regulatory protein with complex functions and plays
a regulatory role in tumor and inflammatory diseases. Therefore,
we examined the regulatory effect of ISB on PKM2. We first exam-
ined the effect of ISB on LPS-induced PKM2 expression in macro-
phages. Our results showed that 10 lM ISB pretreatment
significantly inhibited the LPS induced PKM2 expression (Fig. 6F).
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In addition, PKM2 can exert biological functions through protein–
protein interactions. It’s documented that PKM2 formed a complex
with HIF-1a, promoting the transactivation of HIF-1a target genes,
such as IL-1b. PKM2 also phosphorylated the transcription factor
STAT3, following boosting the production of IL-1b and IL-6, which
shared binding sites for STAT3 [16,20]. To explore the effect of ISB
on PKM2-interacting proteins, we examined the expression of HIFa
and STAT3 proteins. As shown in Fig. 6G and 6H, treatment with
10 lM ISB downregulated the expression of HIF1a, accompanied
by parallel decreases in the phosphorylation and expression of
STAT3 in macrophages.
Discussion

The ischemia myocardium is improved by the reperfusion of
coronary blood flow, but the reperfusion itself causes the myocar-
dial death [4]. Many heart protection strategies have been tested
on experimental animals over the past few decades, but clinical
results have been disappointing. Moreover, no consensus on treat-
ment is available [49]. Great effort is needed to seek novel thera-
peutic strategies to modulate MI/R injury. Here, we present
evidenced that ISB may be a new potential agent for protection
against MI/R injury. ISB significantly improved cardiac function,
reduced myocardial apoptosis, and inhibited reperfusion induced
inflammation. ISB dramatically reduced inflammatory cells espe-
cially inflammatory macrophage infiltration, thereby reducing
macrophage inflammation. The inflammatory response inhibited
by ISB is related to the metabolic remodeling of macrophages,
and PKM2, which is the key enzyme of glycolysis, may be a poten-
tial target for ISB to regulate the inflammatory response.

There are many pathological changes in MI/R injury, among
which inflammation and apoptosis are two central aspects. Inflam-
mation and apoptosis are interdependent in the pathological pro-
cess of MI/R. Myocardial ischemia and reperfusion can trigger
apoptosis, leading to loss of cardiomyocytes, thereby reducing car-
diac function [50]. Cell apoptosis releases large amounts of intra-
cellular material into the surrounding tissue space, which
aggravates inflammatory cell infiltration and inflammatory
response during myocardial I/R injury [42,43]. Moreover, when
the ischemic myocardium recovers blood flow, due to the produc-
tion of oxygen free radicals, the damaged cardiomyocytes release
endogenous risk signals to recruit inflammatory cells to nest,



Fig. 6. PKM2 as potential target of ISB. (A) ISB competitively inhibited the binding of TT1 and PKM2. (B) CETSA assay is used to detect the effect of ISB on PKM2. (C) ISB
promoted target protein PKM2 resistant to proteases (DARTS). (D-E) SPR analysed of ISB or TT1 binding to PKM2. (F) Effects of ISB on PKM2 expression levels in LPS induced
macrophage inflammation. (G) HIF1a, STAT3 and p-STAT3 expressions were assayed by western blot analysis. (H) The quantification of HIF1a, STAT3 and p-STAT3 expression
levels. Results were expressed as mean ± SD from at least three independent experiments. ##P < 0.01, ###P < 0.001 vs. the Sham group, **P < 0.01, ***P < 0.001 vs. the I/R group.
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start/amplify local inflammatory response, resulting in secondary
damage of cardiomyocytes [51]. Inhibition of excessive inflamma-
tory response can reduce the area of myocardial infarction and
improve cardiac function [52,53]. It is confirmed that the local
changes of I/R injury are mainly inflammatory reaction with neu-
trophil and monocyte infiltration [11,51]. Monocyte macrophages
are the inflammatory cells with the longest resident time in
myocardial injury and repair. Clinically, the increase of monocyte
level is related to the aggravation of myocardial injury [54]. The
anti-inflammatory strategy of targeting the inflammatory mono-
cyte/macrophage subsets is a new research direction in improving
myocardial reperfusion injury. In the present study, we have found
that ISB reduced the release of inflammatory factors in a rat MI/R
model. Subsequently, our results showed that the cardioprotection
of ISB may be related to its inhibition of macrophage proinflamma-
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tory factor expression in myocardial tissue. In vitro experiments
have also confirmed this view as ISB inhibited LPS-induced macro-
phage inflammation.

The target is the source and the biological material basis of drug
action. Target identification is important for the development of
new drugs and the elaboration of their pharmacological mecha-
nisms. After confirming that ISB has good anti-inflammatory activ-
ity, the ISB probe was constructed as a tool for target identification.
The anti-inflammatory target of ISB was fished from macrophages
by using an ABPP-based chemical proteomic technology, and the
anti-inflammatory mechanism of ISB was explored from the
source. We have enriched the protein interaction with ISB from
the total protein of macrophage by using molecular target fishing
technology, and then determined that the target protein of ISB is
PKM2 by LC-MS/MS. Then, we have determined the strong specific
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binding of PKM2 to ISB through the competitive inhibition experi-
ment. This result was validated again by using other target identi-
fication techniques, such as CETSA and DARTS assay. In addition,
SPR results showed that ISB and PKM2 have moderate binding. Col-
lectively, our study has confirmed that the target protein of ISB in
macrophages is PKM2 and that the binding of PKM2 and ISB has
strong specificity. However, more research is needed to prove the
action model and the exact binding domain of ISB with PKM2.

The binding of ISB to PKM2 prompted us to investigate whether
ISB inhibits LPS-induced PKM2 activation and prevents macro-
phage inflammation. Consistent with previous studies [16], our
data suggested that LPS increases PKM2 expression, whereas ISB
reverses this effect. Previous studies have established that PKM2
can stimulate HIF1a, which plays a key role in glycolysis and reg-
ulation of immune responses [17]. In addition, PKM2 contributes to
the upregulation of STAT3 activation via the phosphorylation of
STAT3 [55]. The inflammatory stimuli clearly cause the phosphory-
lation of STAT3, and the application of inhibitors of STAT3 reduces
the expression levels of IL-1b and IL-6 in macrophages [20,56,57].
Our results indicated that in LPS-stimulated macrophages, ISB dis-
tinctly inhibited the expression of HIF1a, as well as the expression
and phosphorylation of STAT3. However, the regulation of the
binding of PKM2 to HIF1a and STAT3 by ISB and the specific bind-
ing sites of PKM2 should be further studied.
Conclusion

In summary, we confirmed for the first time that ISB can
decrease myocardial infarction and apoptosis and inhibit inflam-
mation, thereby reducing MI/R injury. These effects are related to
the inflammatory inhibition in macrophages to a certain degree.
In terms of mechanism research, we designed and synthesized
the ISB probe for fishing out and verification of the target protein
of ISB by the click reaction strategy and LC-MS/MS technology.
Moreover, we have showed that PKM2 is a key target protein of
ISB in macrophage and responsible for ISB’s anti-inflammatory
activity.
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