ESC HEART FAILURE ORIGINAL ARTICLE
ESC Heart Failure 2023; 10: 3622—3636

Published online 5 October 2023 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/ehf2.14532

Activation of AHR by ITE improves cardiac remodelling
and function in rats after myocardial infarction

Xiaoyan Linl'z*, Weigiang Liu3’4f, Yong Cchu®?, Hailin Zhang3'4, Lishan Zeng3'4, Yifei Lin®>*, Kai Kang3'4,

Feng Peng®?, Jinxiu Lin®**, Chunkai Huang>** and Dajun Chai*>**

*Department of Echocardiology, Fujian Institute of Hypertension, The First Affiliated Hospital, Fujian Medical University, Fuzhou, China; *Department of Echocardiology,
National Regional Medical Center, Binhai Campus of the First Affiliated Hospital, Fujian Medical University, Fuzhou, China; >Cardiovascular Department, Fujian Institute of
Hypertension, The First Affiliated Hospital, Fujian Medical University, Fuzhou, China; and “Cardiovascular Department, National Regional Medical Center, Binhai Campus of
the First Affiliated Hospital, Fujian Medical University, Fuzhou, China

Abstract

Aims Left ventricular remodelling subsequent to myocardial infarction (Ml) constitutes a pivotal underlying cause of heart
failure. Intervention with the nontoxic endogenous aryl hydrocarbon receptor (AHR) agonist 2-(1'H-indole-3'-carbonyl)-thia-
zole-4-carboxylic acid methyl ester (ITE) in the acute phase of Ml has been shown to ameliorate cardiac function, but its role
in the chronic phase remains obscured. This study explores the beneficial role of ITE in delaying the progression of heart failure
in the chronic phase of M.

Methods and results MI rats established by ligating the left anterior descending coronary artery were treated with the
indicated concentration of the AHR agonist ITE or vehicle alone. Echocardiography was performed to determine cardiac struc-
ture and function; myocardial morphology and fibrosis were observed by haematoxylin and eosin and Masson’s trichrome
staining; serum biochemical indices, BNP, and inflammatory cytokine levels were detected by enzyme-linked immunosorbent
assay; F4/80"iINOS*M1 macrophages and F4/80"CD206"M2 macrophages were detected by immunofluorescence; the terminal
deoxynucleotidyl transferase-mediated dUTP nick end labelling assay was used to detect the apoptosis of cardiomyocytes;
ultrastructural changes in myocardial tissue were observed by transmission electron microscopy; and Cyplal, Akt, P-Akt,
p70S6K, P-p70S6K, Bcl-2, Bax, caspase-3, and cleaved caspase-3 protein levels were determined via Western blotting. We
found that therapy with the AHR agonist ITE rescued cardiac remodelling and dysfunction in rats with Ml and attenuated
myocardial fibrosis, inflammation, and mitochondrial damage. Further studies confirmed that ITE dose-dependently
improved myocardial cell apoptosis after MI, as demonstrated by reduced levels of the apoptosis-related proteins cleaved
caspase-3 and Bax but increased expression levels of Bcl-2. These effects were attributed to ITE-induced activation of AHR re-
ceptors, leading to the down-regulation of Akt and p70S6K phosphorylation.

Conclusions The AHR agonist ITE alleviates cardiomyocyte apoptosis through the Akt/p70S6K signalling pathway, thereby
rescuing left ventricular adverse remodelling and cardiac dysfunction after M.
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Introduction save dying myocardium and significantly reduce mortality.™?

However, pathological myocardial remodelling and unavoid-
Myocardial infarction (Ml), a disease that seriously affects hu- able heart failure after Ml have become public health
man lifespan and quality of life, is currently a main cause of problems.® Therefore, improving cardiac remodelling has
death. Clinical application of various revascularization strate- long been the focus of an effective strategy to improve pa-
gies, such as early coronary reperfusion therapy, can help tient outcomes after Ml.
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Due to the non-regeneration of myocytes, myocardial tis-
sue in the infarct and peri-infarct areas undergoes apoptosis
and necrosis after M| due to ischaemia, hypoxia, and inflam-
matory reactions.> The massive loss of cardiomyocytes alters
the electrical conduction system of the myocardium and
causes systolic and diastolic dysfunction, leading to heart fail-
ure and arrhythmias.* Apoptosis is required for the orderly
clearance of cells in organisms. In contrast, necrosis is the
premature death of cells caused by external disease, injury,
or insufficient blood supply. As necrotic cells die, an inflam-
matory response is triggered, causing collateral damage to
surrounding cells. Normally, apoptosis removes cells without
triggering adverse immune and inflammatory responses.
However, when apoptosis is dysregulated, cell death contrib-
utes to disease onset and progression. Apoptosis has
been widely demonstrated in hypertrophic cardiomyopathy,
ischaemic cardiomyopathy, myocarditis, and dilated cardio-
myopathy.> Myocardial ischaemia can cause apoptosis
through a variety of pathways.® Studies have shown that car-
diomyocyte apoptosis plays a role in different types of cardio-
myopathy and heart failure and that apoptotic cardiomyo-
cyte death often accompanies irreversible congestive heart
failure.” Inhibition of cardiomyocyte apoptosis has been
shown to delay the development of cardiac dilation and sys-
tolic dysfunction and improve heart failure.

The aryl hydrocarbon receptor (AHR) belongs to a subfam-
ily of the basic helix-loop—helix/Per-ARNT-Sim (bHLH/PAS)
family and is a transcription factor that regulates adaptive
metabolism and environmental responses.® Currently, an in-
creasing number of studies have found that the activation
of AHR by endogenous AHR ligands can regulate various bio-
logical processes, such as the immune response, growth fac-
tor signalling, cell cycle proliferation, differentiation, arrest,
and apoptosis.® AHR has been shown to play an important
role in the regulation of the pathophysiological process of
cardiac development®® and cardiovascular and neurological
diseases.™ Activation of AHR protects cardiomyocytes from
apoptosis induced by antitumor-related drugs.*? Nontoxic en-
dogenous AHR ligand 2-(1'H-indole-3'-carbonyl)-thiazole-4-
carboxylic acid methyl ester (ITE) therapy in the acute phase
of MI can improve cardiac function by activating AHR,*® but
the effects of ITE in the chronic phase of Ml are unknown.
Therefore, we speculate that AHR activation by ITE could halt
the development of heart failure in the chronic stage of M.

Methods

Induction of the rat myocardial infarction model
and treatment with ITE

This animal experiment was approved by the Laboratory
Animal Ethics Committee of Fujian Medical University. Eight-

week-old male Sprague-Dawley rats (body weight of
200 + 10 g) were purchased from Shanghai Slack Company.
The MI model was established by permanent ligation of the
left anterior descending (LAD) coronary artery under ventila-
tor support.*® Rats that survived after surgery were verified
by cardiac ultrasound after 1 week and randomly divided into
the MI group (M, n = 8), MI with 1.6 mg/kg/day ITE treat-
ment group (Ml + ITEL.6, n = 8), and MI with 8 mg/kg/day
ITE treatment group (Ml + ITE8.0, n = 8). The high and low
doses of ITE used in this study were described in the
literature.” In addition, the control group (control, n = 8),
sham group (sham, n = 8), control + ITE1.6 group (n = 8),
and control + ITE8.0 group (n = 8) were set up; dimethyl sulf-
oxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA), PEG300,
Tween 80 (VICMED Company), and normal saline were added
to ITE (Eisai Company) at a ratio of 1:3.5:1:9.5, mixed well,
and administered by intraperitoneal injection once a day.

Echocardiography

At 7 days after Ml and 28 days after MI, GE Vivid E9 Doppler
echocardiography with a 12S probe (frequency of 4-12 MHz,
equipped with an EchoPAC 113.1.3 workstation) was used
for echocardiography under anaesthesia with 2% sodium
pentobarbital. Left ventricular (LV) volumes and ejection
fraction (EF) were assessed with the biplane Simpson’s
method. The LV M-mode images at the level of the papillary
muscle were recorded from the short-axis view. Pulsed-wave
Doppler blood flow images of the apical four-chamber view
at the mitral level and tissue Doppler images of the lateral
and septal mitral annulus were recorded. Heart rate (HR)
was recorded by synchronized electrocardiography. Images
were quantified and analysed by the EchoPAC 113.1.3 image
analysis system (GE Healthcare). Operators for all experi-
ments were blinded to group allocation during all analytical
procedures.

Analysis of blood serum

Blood samples were collected from the abdominal aorta,
centrifuged to isolate serum, and stored at —80°C until assay.
Glucose (GLU), blood urea nitrogen (BUN), serum creatinine
(SCr), serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), creatine kinase (CK), and CK isoen-
zyme (CK-MB) were determined by the colorimetric method
utilizing an automatic biochemical analyser
(Roche, Shanghai, China). Circulating BNP (SEA541RA,
Cloud-Clone Corp., China), tumour necrosis factor-o. (TNF-a)
(KE20018, Proteintech Group, China), interleukin-1f (IL-1pB)
(KE20005, Proteintech Group, China), interleukin-17 (IL-17)
(SEA063RA, Cloud-Clone Corp., China), and interleukin-10
(IL-10) (SEAO56RA, Cloud-Clone Corp., China) were
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measured by rat ultrasensitive
immunosorbent assay (ELISA) kit
manufacturer’s instructions.

enzyme-linked
according to the

Histology and immunofluorescence

Global cardiac mass index and LV mass index were calculated
as whole cardiac mass/body weight and left cardiac mass/
body weight. For histological analysis, the mid-papillary slice
of the left ventricle was fixed in 4% formaldehyde and paraf-
fin embedded. Haematoxylin and eosin (HE) staining and
Masson’s trichrome staining were performed to evaluate
the infarct size and the extent of interstitial fibrosis. To quan-
tify cardiomyocyte area and fibrotic percentage, heart sec-
tion images were obtained using an optical microscope and
then analysed using Image) Version 1.8.0 (National Institutes
of Health, USA). Three visual fields were randomly selected
for each heart tissue section, and their average values were
taken as data for each rat. For immunofluorescence staining,
paraffin-embedded cardiac tissue sections were deparaffin-
ized and rehydrated. After blocking, the sections were
stained overnight at 4°C with one of the following antibod-
ies: F4/80 (sc-377009, Santa Cruz Biotechnology, USA), induc-
ible nitric oxide synthase (iNOS) (YT3169, ImmunoWay, USA),
and CD206 (24595S, Cell Signaling Technology, UK), and then
separately reacted with the corresponding Alexa Fluor 488-
conjugated anti-IgG (ab150077, Abcam, USA) and Alexa Fluor
594-conjugated anti-IgG (ab150116, Abcam, USA) secondary
antibodies. Staining was visualized using a Zeiss 510 confocal
microscope (Carl Zeiss). Image analysis was conducted using
Image-Pro Plus.

TUNEL fluorescence staining

After dewaxing the paraffin section, the tissue was treated
with proteinase K working solution in the DeadEnd”
Fluorometric TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick end labelling) System kit (Promega,
China) for 15-30 min at 21-37°C. After rinsing,
equilibration buffer was added dropwise and incubated at
room temperature for 5-10 min. Recombinant terminal
deoxynucleotidyl transferase (rTdT) incubation buffer was
added dropwise and incubated at 37°C for 1 h in the
dark, and then 2x saline sodium citrate (SSC) was added
and incubated at room temperature for 15 min to
terminate the reaction. DAPI-containing fluorescence
qguencher was added and the samples were covered with
a coverslip; a Zeiss LSM 780 laser was used to scan a
total of observation and filming under a focusing
microscope, randomly selected five fields of view, the
apoptotic cells stained with TUNEL were regarded as
positive cells, and the percentage of apoptosis in each

field of view was counted by Image-Pro Plus 6.0 software
as cell apoptosis index (Al).

Western blotting

Protein samples (25 pg) were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—-PAGE),
followed by transfer to polyvinylidene difluoride (PVDF)
membranes. Next, the samples were examined by immuno-
blotting with primary antibodies against serine/threonine
protein kinase (Akt) (1:1000, 9272S, Cell Signaling Technol-
ogy, UK), phosphorylated Akt (1:1000, 9271S, Cell Signaling
Technology, UK), 70 kDa ribosomal protein S6 kinase
(p70S6K) (1:1000, 9202, Cell Signaling Technology, UK), phos-
phorylated p70S6K (1:1000, 9204, Cell Signaling Technology,
UK), caspase-3 (1:1000, 9662, Cell Signaling Technology,
UK), cleaved caspase-3 (1:1000, 9661, Cell Signaling Technol-
ogy, UK), Bcl-2 (1:1000, ab194583, Abcam, USA), Bax (1:1000,
ab32503, Abcam, USA), and f-actin (1:1000, 20536-1-AP,
Proteintech Group, China) at 4°C overnight. Then, horserad-
ish peroxidase (HRP)-conjugated secondary antibody
(1:3000, GB23303, Servicebio, China) was incubated for 1 h
at room temperature and visualized by using an enhanced
chemiluminescence (ECL) detection kit (Meilunbio, China).

Transmission electron microscopy

Fresh frozen tissues were fixed with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer, pH 7.4, and transmission
electron microscopy (TEM) fixation buffer (Electron Micros-
copy Sciences, Hatfield, USA) at 4°C. The samples were subse-
quently post-fixed in 2% aqueous osmium tetroxide,
dehydrated, embedded, cut into 100 nm ultrathin sections
with a Leica UC6 ultramicrotome, stained with uranyl acetate
and lead citrate for 5-15 min, washed with distilled water,
and observed under a Philips EM208 transmission electron
microscope photograph.

Statistical analysis

All data were analysed by the SPSS 13.0 software system.
Data are expressed as mean + SD. The Kolmogorov-Smirnov
test, Shapiro-Wilk test, Q—Q Plot, and histograms were
used to test the normality of the data distribution.
ANOVA was employed for the comparison of means among
multiple groups. A P < 0.05 was considered a significant
difference.
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Results

Induction of the myocardial infarction model in
rats and design for ITE therapy

We generated a rat Ml model by performing LAD coronary ar-
tery ligation surgery. The significant elevation of the ST seg-
ment in electrocardiogram (ECG) denoted successful LAD liga-
tion (Supporting Information, Figure SI). In the present study,
we designed a preclinical trial in which rats with similar levels
of cardiac dysfunction after Ml were randomized to receive
either vehicle or ITE therapy (Figure IA). All rats enrolled
the study (N = 82) underwent baseline echocardiography
and were then randomly assigned to four groups: Ml surgery
(N =50), sham (N = 8), control (N = 8), control + ITEL.6 (N = 8),
and control + ITE8.O (N = 8). Twenty Ml rats died during or
1 week after surgery, leaving 30 surviving Ml rats. The sur-
vival rate of rats 1 week after Ml was consistent with that
of other similar studies.'® Echocardiograms at 1 week after
surgery were used to assess Ml severity. Of the remaining
30 Ml rats, 6 were excluded with LVEF outside the range of
40-50% because they either already developed severe heart
failure or did not exhibit signs of heart dysfunction. The re-
maining 24 rats with LVEF ranging from 40% to 50% entered
the prospective, randomized trial in which rats were assigned
to either ITE (N = 8 for 1.6 mg/kg/day; N = 8 for 8 mg/kg/day)
or vehicle (N = 8) treatment. ITE was delivered daily by intra-
peritoneal injection at 1 week after MI. Following ITE treat-
ment for 4 weeks, rats underwent echocardiography (Figure
1B). As shown in Table 1, 7 days after Ml surgery, compared
with the sham group, echocardiographic parameters includ-
ing LV end-diastolic diameter (LVDd), LV end-systolic diame-
ter (LVDs), and the ratio of mitral valve flow in early diastole
and peak annulus motion velocity (E/e’) were significantly in-
creased in the MI group (P < 0.05), whereas the ventricular
septal end-diastolic thickness (1VSd), LVEF, and LV short-axis
fractional shortening (FS) were significantly decreased
(P < 0.05) (Table 1). These results indicate successful induc-
tion of the MI model.

ITE therapy halts the development of heart
failure in myocardial infarction rats

To evaluate the effects of ITE on rat cardiac structure and
function, we examined rat heart function by echocardiogra-
phy after ITE intervention. After 4 weeks of ITE treatment,
LV dilatation was attenuated in both the MI + ITE1.6 and
MI + ITE8.0 groups, as evidenced by a sharp decrease in LVDs
and E/e’ (P < 0.05) and an increase in EF and FS (P < 0.05),
but there was no significant difference in LVDd (Table 2 and
Figure 1C). The EF timeline shows the changes in EF at differ-
ent time points in the sham, Ml, Ml + ITE1.6, and MI + ITE8.0
groups (Figure 1D). Next, we detected the serum BNP level of

the rats and found similar results: the serum BNP level of the
Ml rats with ITE treatment was significantly decreased com-
pared with that of the MI group (P < 0.05) (Figure 1E), but
ITE treatment alone or sham surgery did not affect BNP
levels. Collectively, our data illustrate the beneficial effects
of ITE on cardiac structure and function after MI.

ITE suppresses cardiac remodelling and fibrosis
inmyocardial infarction rats

To further elucidate the mechanism by which ITE improves
cardiac structure and function after Ml, we performed histo-
logical analysis of rat hearts. First, morphological analysis
demonstrated that the global cardiac mass index and LV mass
index were lower in the Ml + ITE1.6 and MI + ITE8.0 groups
than in the Ml group (P < 0.05) (Figure 2A), suggesting atten-
uation of cardiac hypertrophy and cardiac remodelling.

Next, we observed in HE staining that compared to M,
there was the swelling of myocardial cells at the edge of Ml
in the Ml + ITE1.6 and MI + ITE8.0 groups (Figure 2B). We fur-
ther assessed infarct size and collagen deposition in the in-
farct area using Masson’s trichrome staining. After 4 weeks
of ITE intervention, Masson’s trichrome staining at the papil-
lary muscle level showed that ITE treatment did not influence
the infarct size. However, the collagen density in the
MI + ITE1.6 and MI + ITE8.0 groups was significantly de-
creased compared with that in the MI group (P < 0.05)
(Figure 2C), while there was no significant difference among
the control, control + ITE1.6, control + ITE8.0, and sham
groups. Collectively, our findings suggest that ITE may halt
cardiac remodelling and dysfunction by alleviating cardio-
myocyte apoptosis and fibrosis.

ITE attenuates cardiomyocyte apoptosis after
myocardial infarction

Previous studies* have shown that massive apoptosis of car-
diomyocytes is an important cause of cardiac dysfunction.
Therefore, a TUNEL assay was performed to detect apoptosis
in each group. In comparison with the sham group, a signifi-
cant decrease in TUNEL-positive cells was observed in the
border area of the hearts in the MI + ITE1l.6 and
Ml + ITE8.0 groups (P < 0.05), and the myocardial Al in the
ITE treatment groups showed a dose-dependent decrease
(P < 0.05) (Figure 3A). Several studies'” have confirmed that
Bcl-2 and Bax are anti-apoptotic proteins and pro-apoptotic
proteins, respectively, and caspase-3 is an apoptosis marker
protein. The ratio of Bcl-2 to Bax and the expression level
of caspase-hydrolyzed fragments can reflect the apoptosis
state of cells. Immunoblot analysis revealed significantly de-
creased expression of cleaved caspase-3 but increased ex-
pression of Bcl-2/Bax in myocardium lysates harvested from
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Figure 1 ITE ameliorates cardiac dysfunction and heart failure in Ml rats. (A) Flow chart of inclusion criteria based on echocardiographic ejection frac-
tion (EF) used to obtain a cohort of MI mice with similar levels of cardiac dysfunction that were then randomized to receive vehicle or ITE. (B) Sche-
matic diagram describing the animal experiments. (C) Representative M-mode echocardiograms and mitral valve inflow (MVF) from control, sham,
control + ITEL.6, control + ITE8.0, MI, Ml + ITE1.6, and MI + ITE8.0. (D) The EF timeline shows the changes in EF at different time points in sham,
MI, Ml + ITE1.6, and MI + ITE8.O rats. (E) Serum BNP levels measured by ELISA. N = 6-8 per group. Data are presented as mean * SD. *P < 0.05

vs. sham group. *p < 0.05 vs. MI group.
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peri-infarct areas of hearts in the Ml + ITE1.6 and MI + ITE8.0
groups compared with that from the MI group, and such
changes presented ITE concentration dependence
(P < 0.05). ITE treatment alone or sham surgery did not af-
fect the expression of Bcl-2/Bax or cleaved caspase-3 (Figure
3B and Supporting Information, Figure S2). Our results sug-
gest that the AHR agonist ITE attenuates cardiomyocyte apo-
ptosis after M.

In addition, we also used TEM to observe the ultrastruc-
ture of cardiomyocytes. In the MI group, myofilament ar-
rangement was disorganized and sparse with a large number
of breaks, mitochondria were visibly swollen, cristae struc-
ture was destroyed, vacuole-like changes were observed,
and lysosomes were increased. Compared with the Ml group,
the MI + ITE1.6 and MI + ITE8.0 groups had a more orderly
arrangement of myofilaments, clearer mitochondrial crista
structure, fewer vacuole-like changes, and a small number
of autophagic lysosomes (Figure 3C).

Table 1 Changes of cardiac structure and function in rats 1 week
after Ml

Control Sham MI-1W

n=38 n=28 n =24
HR (b.p.m.) 476.36 £ 4.26 492.34 = 6.22 481.22 + 6.23
IVSd (mm) 1.63 £ 0.02 1.60 £ 0.07 1.49 + 0.28*
LVDd (mm) 6.37 = 0.84 6.32 = 0.72 8.47 + 0.84*
LVDs (mm) 3.48 = 0.32 3.32 £ 0.27 6.42 + 0.68*
LVPWd (mm) 171 = 0.09 1.63 £ 0.07 1.55 £ 0.13
EF (%) 80.68 = 0.81 82 + 2.27 46.57 + 3.38*
FS (%) 4430 = 0.83  42.58 + 0.72 19.31 = 1.09*
E/e' 11.50 £ 1.63 12.37 = 1.73 19.39 + 2.14*

E/e’, the ratio of mitral valve flow in early diastole and peak annulus
motion velocity; EF, ejection fraction; FS, left ventricular short-axis
shortening; HR, heart rate; IVSd, ventricular septal end-diastolic
thickness; LVDd, left ventricular end-diastolic diameter; LVDs, left
ventricular end-systolic diameter; LVPWd, left ventricular posterior
wall end-diastolic thickness; MI, myocardial infarction.

Data are presented as mean =+ SD.

*p < 0.05 vs. sham group.

The effect of the AHR agonist on post-infarction
inflammation

The inflammatory response after Ml is also an important
factor affecting cardiac remodelling and the development of
heart failure. As shown in Figure 3A, the serum TNF-q, IL-
18, and IL-17 levels in the MI rats treated with ITE were
significantly decreased compared with those in the Ml group
(P < 0.05) (Figure 4A), and up-regulation of serum IL-10 was
observed in Ml rats treated with ITE, but ITE treatment alone
or sham surgery did not affect these levels. M1-type macro-
phages are usually considered proinflammatory macro-
phages, while M2-type macrophages are anti-inflammatory
macrophages.'® Previous studies®® have shown that ITE can
inhibit inflammation by affecting macrophage polarization.
Consistent with this, the F4/80"iNOS™M1 macrophage popu-
lation in infarcted heart tissue of the Ml rats with ITE treat-
ment was far lower than that in the Ml group (Figure 4B),
whereas the F4/807CD206*M2 macrophage population was
increased in Ml rats with administration of ITE (Figure 4C).

The AHR agonist regulates the activation of Akt
and p70S6K

To confirm ITE-induced AHR activation in Ml hearts, we ex-
amined the protein expression of cytochrome P450 1Al
(Cyp1al), which has been used as a biomarker for AHR activa-
tion. The MI group showed decreased Cyplal expression
compared with the sham and control groups, while the
MI + ITE1.6 and MI + ITE8.0 groups showed a gradient in-
crease in Cyplal levels compared with the MI group
(P < 0.05). ITE treatment alone or sham surgery did not
affect the expression of Cyplal (Figure 5A and Supporting
Information, Figure S3A).

Akt, a key molecule in the PI3K/Akt signalling pathway, is
the centre of multiple intracellular signal transduction

Table 2 Effects of ITE treatment on cardiac structure and function in Ml rats

Control Sham Control + ITE1.6 Control + ITE8.O0 Ml MI + ITE1.6 Ml + ITE8.0

HR (b.p.m.) 488.63 = 5.08 492.34 + 6.22 485.02 + 6.13 478.64 = 8.22 488.44 + 586 487.28 + 6.33 491.02 = 6.12
IVSd (mm) 1.73 £ 0.04 1.70 = 0.07 1.78 £ 0.08 1.72 £ 0.07 1.35 = 0.23* 1.33 = 0.10* 1.32 = 0.24*
LVDd (mm) 6.64 = 0.84 6.32 = 0.72 6.79 = 0.66 6.49 = 0.74 10.81 = 1.07* 9.38 + 0.82* 9.41 + 0.67*
LVDs (mm) 3.71 £ 0.49 3.24 = 0.58 3.97 £ 0.42 3.49 = 0.66 8.05 + 0.45* 7.34 + 0.39*% 7.13 + 0.41**
LVPWd (mm) 1.68 £ 0.08 1.66 = 0.07 1.67 £ 0.08 1.66 = 0.06 1.28 + 0.13* 1.32 = 0.09* 1.33 + 0.16%%
EF (%) 80.71 £ 0.81 79.51 £ 1.54 78.86 = 1.36 77.26 = 2.33 30.29 + 2.33* 3824 + 3.51*% 4117 = 2.20%%
FS (%) 4412 £ 0.72 45.04 £ 0.66 43.24 = 0.88 44.64 + 0.73 12.35 + 2.34* 16.10 = 1.03** 17.11 = 1.10**
E/e’ 10.69 = 1.85 11.59 = 1.24 11.05 = 2.13 10.74 = 2.13 32.73 £ 3.73* 25.80 + 2.92*% 26.65 + 2.43*%

E/e', the ratio of mitral valve flow in early diastole and peak annulus motion velocity; EF, ejection fraction; FS, left ventricular short-axis
shortening; ITE, 2-(1'H-indole-3"-carbonyl)-thiazole-4-carboxylic acid methyl ester; IVSd, ventricular septal end-diastolic thickness; LVDd,
left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter; LVPWd, left ventricular posterior wall end-diastolic

thickness; MI, myocardial infarction.

n = 8 per group. Dataare presented as mean = SD.
*p < 0.05 vs. sham group.

#p < 0.05 vs. MI group.
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Figure 2 ITE suppresses cardiac remodelling and fibrosis in Ml rats. (A) Global cardiac mass index and left ventricular mass index calculated as whole
cardiac mass/body weight and left cardiac mass/body weight, respectively. N = 8 per group. Data are presented as mean  SD. *P < 0.05 vs. sham
group. *p < 0.05 vs. MI group. (B) Representative HE staining obtained from control, sham, control + ITE1.6, control + ITE8.0, MI, Ml + ITE1.6, and
Ml + ITE8.0. (C) Masson’s trichrome staining of transverse heart sections at the papillary level to detect the collagen density and infarct size; collagen
density is presented as a percentage of collagen-occupying area relative to total LV area; infarct size was calculated as total infarct circumference di-
vided by total LV circumference; n = 8 per group. Data are presented as mean * SD. *P < 0.05 vs. sham group. *p < 0.05 vs. MI group.
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Figure 3 ITE attenuates cardiomyocyte apoptosis after Ml. (A) Representative images obtained from border areas of MI-operated hearts from control,
sham, control + ITE1.6, control + ITE8.O0, MI, Ml + ITE1.6, and MI + ITE8.0 are shown. DAPI staining denotes nuclei; myocardial apoptosis index mea-
sured as the positive cell divided by total cell. (B) Expression of apoptosis-related proteins including Bcl-2, Bax, caspase-3, and cleaved caspase-3 in
myocardial tissue lysates harvested from peri-infarct areas of control, sham, control + ITEL.6, MI, Ml + ITEL.6, and MI + ITE8.0 (n = 6 per group);
the results were compared using two-way ANOVA. Data are presented as mean * SD. (C) Representative ultrastructure of cardiomyocytes from
peri-infarct regions obtained from the control, sham, control + ITE1.6, MI, MI + ITE1.6, and MI + ITE8.0 groups; red arrows point to sarcomeres,
and green arrows point to mitochondria. n = 8 per group. Data are presented as mean * SD. *P < 0.05 vs. sham group. *p < 0.05 vs. MI group.
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Figure 3 Continued
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pathway networks and is involved in a variety of cellular pro-
cesses, including cell survival, GLU metabolism, and cellular
protein synthesis in cardiomyocytes.” p70S6K is one of the
main signalling molecules downstream of Akt/mTOR signal-
ling, and some studies®® have shown that down-regulation
of p70S6K can inhibit apoptosis. We detected proteins re-
lated to the Akt/p70S6K signalling pathway, and the results

showed that compared with the control and sham groups,
the expression levels of phosphorylated Akt and p70S6K in
myocardial tissue harvested from the peri-infarct area of
the MI group were significantly increased (P < 0.05), while
there was a dose-dependent decrease in P-Akt and phosphor-
ylated p70S6K (P-p70S6K) levels in the MI + ITE1.6 and
MI + ITE8.0 groups compared with the MI group (P < 0.05).
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Figure 4 The effect of the AHR agonist on post-infarction inflammation. (A) Serum TNF-q, IL-1f, IL-17, and IL-10 levels measured by ELISA. N = 6-8 per
group. Data are presented as mean + SD. *P < 0.05 vs. sham group. #p < 0.05 vs. Ml group. *P < 0.05 vs. Ml group. (B) Representative confocal IF
images of M1 macrophages obtained from infarcted areas of Mi-operated hearts from MI, Ml + ITEL.6, and MI + ITE8.0 are shown. Sections were
stained for F4/80 (green) and iNOS (red) (left). The number of F4/80"INOS" cells was counted (right). N = 6-8 per group. Scale bars = 50 um. Data
are presented as mean + SD. #p < 0.05 vs. Ml group. *P < 0.05 vs. Ml group. (C) Representative confocal IF images of M2 macrophages obtained from
infarcted areas of Ml-operated hearts from MI, Ml + ITE1.6, and MI + ITE8.O are shown. Sections were stained for F4/80 (green) and CD206 (red) (left).
The number of F4/80°CD206" cells was counted (right). N = 6-8 per group. Scale bars = 50 um. Data are presented as mean * SD. *p < 0.05 vs. MI
group. P < 0.05 vs. Ml group.
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Figure 5 The AHR agonist regulates the activation of Akt and p70S6K. (A) Expression of the AHR activation biomarker protein Cyplal in myocardial
tissue lysates harvested from peri-infarct areas of the control, sham, control + ITE1.6, MI, MI + ITE1.6, and MI + ITE8.0 groups (n = 6 per group);
the results were compared using two-way ANOVA. Data are presented as mean + SD. (B) Expression of Akt/p70S6K signalling pathway proteins, includ-
ing total Akt (t-Akt), phosphorylated Akt (P-Akt), total p70S6K (t-p70S6K), and phosphorylated p70S6K (P-p70S6K), in myocardial tissue lysates har-
vested from peri-infarct areas of control, sham, control + ITE1.6, MI, Ml + ITE1.6, and MI + ITE8.0 (n = 6 per group); the results were compared

using two-way ANOVA. Data are presented as mean + SD.
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ITE treatment alone or sham surgery did not affect the ex-
pression of P-Akt and P-p70S6K. There was no significant dif-
ference in the levels of total Akt and p70S6K among the
groups (Figure 5B and Supporting Information, Figure S3B),
while administration of ITE alone did not affect Akt and
p70S6K phosphorylation. The results suggested that ITE may
reduce the apoptosis of cardiomyocytes by activating the
AHR receptor to down-regulate the phosphorylation level of
the Akt/p70S6K signalling pathway.

Effects of ITE on biochemical indicators in rats

Finally, the liver and renal functions as well as other biochem-
ical indicators of the rats in each group were tested using
blood serum collected from the abdominal aorta. Our results
showed that the triglyceride (TG) and very-low-density lipo-
protein (VLDL) levels were significantly lower in the Ml group
than in the sham group (P < 0.05), but there was no signifi-
cant difference among the MI, Ml + ITE1.6, and MI + ITE8.0
groups (Table 3). In addition, there was no significant differ-
ence in GLU, total serum cholesterol (TC), low-density lipo-
protein (LDL), or high-density lipoprotein (HDL) among the
groups, and we did not observe any liver, skeletal muscle,
or kidney toxicity related to ITE treatment (Table 3).

Discussion

In the present study, we investigated whether intervention
with the AHR agonist ITE at the chronic stage of Ml could halt
post-infarction cardiac remodelling and the development of
heart failure. While ITE did not exhibit a significant effect on
the progression of ventricular enlargement or infarct size fol-
lowing M, our findings demonstrate that it effectively delays
ventricular remodelling through the attenuation of myocardial
hypertrophy, myocardial fibrosis, and myocardial apoptosis.
We found that the AHR agonist ITE ameliorated cardiac re-
modelling in rats with MI and inhibited cardiomyocyte apo-
ptosis by down-regulating the Akt/p70S6K signalling pathway.

Pathological myocardial remodelling and the inevitable de-
velopment of heart failure subsequent to Ml pose formidable
challenges for survivors. To counteract cardiac remodelling,
the clinical implementation of angiotensin-converting en-
zyme (ACE) inhibitors, beta-blockers, and aldosterone antago-
nists has been widespread.?® Nevertheless, the initial admin-
istration of these medications is frequently impeded by
hypotension, bradycardia, and other associated side effects.
Consequently, it becomes imperative to investigate the un-
derlying mechanisms and novel pharmacological targets im-
plicated in cardiac remodelling, with the ultimate aim of in-
tervening and delaying adverse cardiac remodelling
processes.

Table 3 Effects of ITE on biochemical indicators in rats

MI + ITE8.0
18.62 = 3.67
40.13 = 13.95
138.5 = 53.21

Ml + ITE1.6
17.23 = 3.62
34.75 £ 4.77

Ml
14.31 = 2.02
41.29 = 9.64

224.57 = 77.95

Control + ITES.O

Control + ITE1.6

Sham
16.52 = 2.44

42.38 = 7.94

Control
15.05 + 2.66
44,71 = 9.57

148.86 = 71.78

14.37 £5.24
48.78 = 9.57

15.29 = 4.05
45.88 = 11.01

GLU (mM)
ALT (U/L)
AST (U/L)

191.13 = 75.97

263.84 + 96.57

237.75 = 107.97

232.37 = 81.53

6.53 = 1.13
39.50 + 10.49

1266.25 + 399.58
1232.88 + 280.66

6.00 = 0.76
31.25 +6.14
1831.50 * 832.07
1186.63 + 312.93

6.84 = 1.01
34.00 = 6.19
1520.57 * 586.15

6.28 = 2.36

34.27 = 3.36
1592.68 + 310.84

6.91 = 1.84

30.00 = 4.33
1470.88 + 351.33

6.58 = 1.21
32.58 = 5.34

7.66 = 3.79
33.71 £5.94

1460.43 * 322.32

BUN (mM)
SCr (uM)
CK (UL

1394 + 320.57
1304 = 205.83

39.63 = 13.21

1142.67 + 196.99 1526.14 = 320.40

1172.63 = 318.14

1209.29 + 256.33

CK-MB (U/L)
UA (uM)
TC (mM)
TG (mM)

43.66 = 19.91

40.30 = 20.03

39.08 + 10.31

34.52 + 10.56

29.69 + 11.50

34.57 + 8.87

1.68 £ 0.31 1.78 = 0.35 1.66 = 0.39 1.50 = 0.34 1.41 £ 0.30 1.38 £ 0.20
0.83 = 0.29 0.68 = 0.44 0.47 = 0.22

0.77 £ 0.34

1.44 = 0.29
0.75 = 0.49

0.31 = 0.18*

0.40 = 0.12*
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The myocardium is a terminally differentiated tissue; thus,
maintaining cardiomyocyte viability in ischaemic disease is
critical. Apoptosis is prevalent in ischaemic heart disease.*!
In the early stages of M, infiltration of inflammatory cells
into the region of damaged myocardium and replacement
of apoptotic necrosis of cardiomyocytes by fibroblasts and
myofibroblasts are essential to prevent ventricular wall rup-
ture. However, the excessive activation of apoptotic signals
leads to the programmed death of a large number of cardio-
myocytes around the infarct area, which largely hinders the
recovery of cardiac function. Inhibition of cardiomyocyte ap-
optosis attenuates cardiac dysfunction and remodelling after
MI. Bax is a key cytokine that induces apoptosis after MI.>?
Bcl-2 is an anti-apoptotic protein that binds to mitochondrial
membranes and blocks the release of cytochrome c to inhibit
cell death. Bax is considered a pro-apoptotic molecule that
maintains an inactive conformation in normal cells. When
stimulated by apoptotic signals, Bax undergoes conforma-
tional activation and blocks the anti-apoptotic effect of
Bcl-2.2 The ratio of Bcl-2 and Bax has been used as a marker
representing the role of apoptosis. Caspase-3 is a class of
cysteine proteases responsible for the proteolysis of many
important proteins associated with apoptosis and is also con-
sidered a marker for most types of apoptosis.>* Chen et al.*
found that increasing the ratio of Bcl-2 to Bax in the myocar-
dium and reducing cardiomyocyte apoptosis could improve
cardiac function after MI. AHR can protect cells from apopto-
sis, oxidative stress, and endoplasmic reticulum (ER) stress.*
Our study confirmed that after intervention with the AHR ag-
onist ITE, the ratio of Bcl-2/Bax was increased and the level of
cleaved caspase-3 was decreased; the apoptosis of cardio-
myocytes during Ml was reduced, and the cell survival rate
was improved. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is
an exogenous ligand of AHR. Consistent with our study,
TCDD-induced AHR activation can inhibit genotoxic
therapy-induced tumour cell apoptosis in tumour therapy.*®
In acute kidney injury models, activation of AHR can inhibit
inflammation and cellular apoptosis to reduce the adverse ef-
fects of ischaemia-reperfusion.

Akt is a key molecule in the PI3K/Akt signalling pathway,
and some studies®® have shown that inhibition of the
Akt-related signalling pathway can inhibit cardiomyocyte apo-
ptosis, reduce myocardial fibrosis, and improve Ml-induced
cardiac dysfunction. However, when Akt signalling is
up-regulated, it can promote the expression of myocardial
fibrosis and related inflammatory factors in MI.?® Proteomic
analysis®® found that the phosphorylation levels of various
proteins changed after AHR was activated by ligands. In both
AHR knockout cells*® and animal®** models, Akt phosphoryla-
tion levels were elevated. One study found®? that the dele-
tion of AHR can damage the related signalling pathways of
the Akt pathway and increase the apoptosis sensitivity of
cells. Our present study found that the phosphorylation level
of Akt was increased after Ml, and reducing the phosphoryla-

tion level of Akt by ITE could alleviate cardiomyocyte apopto-
sis, which was consistent with the above findings. However,
some studies>* have also found that ischaemic precondition-
ing or drug preconditioning can activate the PI3K/Akt signal-
ling pathway in cardiomyocytes. This can induce a series of
subsequent responses, including alleviation of apoptosis,
elimination of intracellular reactive oxygen species, inhibition
of neutrophil activation and aggregation, and protection of
mitochondrial function. This difference may be related to
the timing of Akt activation. Shiojima et al.3* found that
short-term Akt activation promotes cardiac growth, while
long-term Akt activation induces pathological hypertrophy
and heart failure.

p70S6K is one of the downstream molecules of the Akt/
mTOR pathway.®* Some studies®’*° have found that AHR can
regulate apoptosis through the Akt signalling pathway. Some
studies have shown a decrease in pP70 in acute M1, but in
chronic MI*® or chronic heart failure,>” pP70 is increased,
and inhibition can be protective. This study confirmed that
the phosphorylation level of p70S6K increased after Ml, and
ITE intervention reduced the phosphorylation level of
p70S6K, which was consistent with the trend of the phosphor-
ylation level of Akt. Therefore, we speculated that ITE may re-
duce myocardial apoptosis by regulating Akt/p70S6K. Consis-
tent with our experimental results, Lechpammer et al.®
found that inhibiting the activation of the PI3K/Akt/mTOR sig-
nalling pathway can down-regulate p70S6K phosphorylation
and alleviate brain damage caused by ischaemia and hypoxia.
Shi et al.®° found that down-regulation of the overactivated
mTOR/p70S6K pathway during MI can inhibit apoptosis, pro-
mote autophagy, reduce the secretion of inflammatory fac-
tors, and improve chronic heart failure.

However, there are still limitations in this experiment. AHR
is a ligand-specific receptor, and its function is related to the
structure of the ligand. The environmental toxicant TCDD is
an exogenous ligand of AHR. Studies have found that
long-term exposure to TCDD to activate AHR can promote
hypertension®® and atherosclerosis** and increase the risk
of ischaemic heart disease,”> and endogenous AHR ligands
are generally considered nontoxic. In this study, liver, skeletal
muscle, or kidney toxicity related to ITE treatment was not
observed, and thus, it must be further verified by longer in-
tervention times. Second, whether Akt/p70S6K is a key sig-
nalling pathway in the protective effect of ITE on the heart af-
ter Ml needs further verification, and the effect of ITE needs
to be further verified by knocking out AHR in vivo or in vitro.
At present, the mechanism by which ITE improves ventricular
remodelling and cardiomyocyte apoptosis after Ml still needs
to be further explored.

In conclusion, the AHR agonist ITE reduces cardiomyocyte
apoptosis by down-regulating the Akt/p70S6K pathway and
thus improves ventricular remodelling and cardiac function af-
ter MI. The results imply that ITE intervention might be a po-
tential therapeutic approach for treating post-Ml heart failure.
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Figure S1. Changes of electrocardiogram (ECG) before and af-
ter Ml surgery in rats. A, Normal ECG before LAD ligation, no
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