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Dilated cardiomyopathy (DCM) can lead to heart expansion and severe heart

failure, but its specific pathogenesis is still elusive. In many cardiovascular

diseases, I-κB kinase-ε (IKKε) has been recognized as a pro-inflammatory

molecule. In this study, wild-type mice (WT, n = 14) and IKKε knockout mice

(IKKε-KO, n = 14) were intraperitoneally injected with a cumulative dose of

25 mg/kg with Dox or Saline five times in 30 days. Finally, the experimental

mice were divided into WT + Saline group、WT + DOX group、IKKε-KO +

Saline group and IKKε-KO + Dox group. Echocardiography was performed to

assess cardiac structure and function. Moreover, the mechanism was

validated by immunohistochemistry and western blotting. Our results

demonstrated that compared to WT + Dox mice, IKKε-KO + Dox mice

exhibited attenuation of dilated cardiomyopathy-related morphological

changes and alleviation of heart failure. Additionally, compared to the WT

mice after Dox-injected, the expression of fibrosis and proinflammatory

were decreased in IKKε-KO mice, and the expression of cardiac gap junction

proteins was much higher in IKKε-KO mice. Further testing found that

pyroptosis and apoptosis in the myocardium were also ameliorated in

IKKε-KO mice compared to WT mice after Dox was injected.

Mechanistically, our results showed that deficiency of IKKε might inhibit

the phosphorylation of IκBα, p65, RelB, and p100 in mouse heart tissues after

Dox stimulation. In summary, our research suggests that IKKε might play an

essential role in the development of Dox-induced dilated cardiomyopathy

and may be a potential target for the treatment of dilated cardiomyopathy in

the future.
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1 Introduction

Dilated cardiomyopathy (DCM) is one of the most common

causes of heart failure and the most number of heart transplants

(Maron et al., 2006; Weintraub et al., 2017). Its etiology includes

gene mutation, drugs, poisons, and alcohol, and the pathogenesis

of dilated cardiomyopathy is unexplained. Although the causes of

DCM vary, the phenotype and pathological characteristics of

DCM are consistent (Schultheiss et al., 2019). Doxorubicin is a

cancer chemotherapy agent whose dose-dependent

cardiotoxicity has limited clinical use (Chang H. M. et al.,

2017). This toxicity is of particular concern in patients with

cancer susceptible to anthracyclines, such as breast cancer, many

of whom die from heart failure (Singal and Iliskovic, 1998;

Carvalho et al., 2009; Mehta et al., 2018). Moreover, an

increasing number of studies have shown that Dox-induced

cardiac pathology is similar to that of DCM (Kankeu et al.,

2016; Wu et al., 2016; Xia et al., 2017).

IKKε (also known as IKK-inducible or IKK-i) was known as a

non-canonical IKKs (Peters et al., 2000), which was involved in the

regulation of many biological events including inflammatory

responses, fibrosis, oncogenesis, apoptosis, and autophagy

(Baldwin, 2012; Hsu et al., 2012; Patel et al., 2015; Zhou et al.,

2019). Evidence has shown that IKKε can promote the

phosphorylation of IκBα to activate the NF-κB signaling pathway

(Shimada et al., 1999; Kravchenko et al., 2003; Solt and May, 2008).

A previous study has suggested that IKKε can be activated by pro-

inflammatory cytokines such as TNF-α(Tumor necrosis factor-α),
IL-1β(Interleukin-1β), and IL-6(Interleukin-). Inhibiting IKKε could
enhance the immunity of T cells to thwart tumor development and

metastasis (Zhang et al., 2016). IKKε deficiency attenuated

inflammation in Inflammatory Hyperalgesia by regulating the

NF-κB pathway (Moser et al., 2011).

Activation of NF-κB–dependent transcription has been found in
numerous heart diseases, including hypertrophic cardiomyopathy,

myocardial infarction, ischemia/reperfusion injury, and so on (Jones

et al., 2005; Hall et al., 2006; Baldwin, 2012; Kumar et al., 2012; Maier

et al., 2012; Cao et al., 2021). In our previous studies, the role of IKKε
in atherosclerotic lesions and aortic stenosis has been suggested (Cao

et al., 2013; He et al., 2019). The IKKε-KO could attenuate mice’s

pathological progression in Angiotensin II-Induced Myocardial

Hypertrophy and aortic valve thickening (He et al., 2019; Cao

et al., 2021). However, the role of IKKε in dilated cardiomyopathy

is unclear. Herein, we aimed to investigate the potential role and

molecular basis of IKKε in DOX-induced cardiotoxicity.

2 Materials and methods

2.1 Animals

The experiments on animals were performed to comply with the

Institute of Laboratory Animal Research Guide for the Care andUse

Laboratory Animals of the National Institutes of Health and

approved by the Institutional Animal Care and Use Committee

of Nanjing Medical University (Ethics Committee of Nanjing First

Hospital). IKKε knockout mice (B6. Cg-Ikbketm1Tman/J (male;

8 weeks old; 22–27 g; n = 14) were obtained from the Jackson

Laboratory (Bar Harbor, ME, United States) and rederived to

achieve pathogen-free status in the Model Animal Research

Center of Nanjing University (Nanjing, China). C57BL/6 mice

(male; 8 weeks old; 22–27 g; n = 14) were netted from the

Institutional Animal Care and Use Committee of Nanjing

Medical University (Nanjing, China). All the mice were housed

in specific pathogen-free box cages at room temperature, on a 12-h

light/12-h dark cycle with free access to a regular diet and water.

2.2 Dox-induced mouse model of
cardiotoxicity

As described in previous studies (Liu et al., 2020), the mice were

intraperitoneally injected with a cumulative dose of 25 mg/kg

doxorubicin (25316-40-9, Sigma-Aldrich) or saline via five times

intraperitoneal injections (5 mg/kg i. p.) in 30 days. All the mice

were divided into four groups, including theWT+ Saline group, The

WT+Dox group, the IKKε-KO + Saline group, and the IKKε-KO +

Dox group. All the mice were housed in specific pathogen-free box

cages at room temperature, on a 12-h light/12- h dark cycle with free

access to a regular diet and water. The cardiac function was detected

by echocardiography after the Dox injection. After the

echocardiographic assessment, all mice were weighed and

sacrificed under anesthesia, hearts were harvested immediately

and heart weights were measured. Immediately after rinsing the

heart in saline, protein and RNA sample extraction and dehydrated

paraffin embedding were performed on another heart sample. The

sample of protein and RNA was stored at −80°C.

2.3 Echocardiography evaluation

Mice were anesthetized with 1.5–2% isoflurane by inhalation

and placed in supine position. Then, echocardiography was

performed using a Vevo2100 ultrasound with a 30-MHz

linear array ultrasound transducer (VisualSonic Inc., Toronto,

Canada). Echocardiographic measurements were taken on

M-mode to determine the left ventricular ejection fraction

(LVEF), fractional shortening (FS), left ventricular end-

diastolic diameter (LVEDd), and left ventricular end-systolic

diameter (LVEDs) of each animal.

2.4 Western blotting analysis

Total protein samples were extracted from left ventricular

tissue and 30 ug of protein separated by SDS-PAGE. Nuclear
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and cytoplasmic proteins were prepared from the cells using

nuclear and cytoplasmic extraction reagent kits (Cayman

Chemical, Ann Harbor, MI, United States) according to the

manufacturer’s instructions. The proteins were transferred to

polyvinylidene fluoride (PVDF) membranes (Millipore),

washed third in Tris-buffered saline (TBS) with Tween

diluted 1:1000 (TBST; Promega), for 10 min each time,

then blocked with TBST containing 5% BSA for 1 h. The

membranes were incubated with the following primary

antibodies in TBST with Tween plus 5% BSA overnight at

4°C: anti-phosphorylated IKKε (1:1000, 3,416, CST), anti-

Connexin43 (1:1000, ab11370, Abcam), anti-Bax (1:1000,

2772S, CST), anti-Caspase1 (1:1000, 2225T, CST), anti-

Cleaved-Caspase3 (1:1000, 9661S, CST), anti-Caspase6 (1:

1000, 9762T, CST), anti-Caspase9 (1:1000, 9508T, CST),

anti-GSDMD (1:1000, ab219800, Abcam), anti-

phosphorylated p65 (1:1000, cs3033, CST), anti-p65 (1:200;

sc8008, Santa Cruz), anti-phosphorylated IκBα (1:1000,

2859s, CST), anti-IκBα (1:200; sc371, Santa Cruz), anti-

phosphorylated p100/p52 (1:500, ab31474, Abcam), anti-

p100/p52 (1:500, ab109440, Abcam), anti-phosphorylated

RelB (1:500, ab47366, Abcam), anti-RelB (1:1000,

ab180127, Abcam), HRP-conjugated Monoclonal Mouse

Anti-glyceraldehyde-3-phosphate Dehydrogenase (GAPDH)

(1:5000, KC-5G5, Kang Chen) and anti-Histone H3 (1:1000,

ab1791, Abcam). The next day, the PVDF membranes were

washed for 10 min each time with TBST three times.

whereafter, the PVDF membranes were incubated with

Goat Anti-Mouse IgG/HRP (1:5000, bs-0296G-HRP, Bioss)

or anti-rabbit IgG, HRP-linked Antibody (1:5000, 7074P2, cell

signaling technology) for 1 h at room temperature. Specific

proteins were detected using an Immobilon Western

chemiluminescent HRP substrate (WBKLS0500, Millipore)

and captured on ChemiScope (3,300 Mini, Clinx Science

Instruments). The mean gray value of each band was then

semi-quantified with Chemi analysis software. All presented

results are representative of at least three independent

experiments.

2.5 Total RNA extraction and quantitative
real-time PCR (q RT-PCR)

Total RNA was extracted from the left ventricle tissues

using the TRIzol Reagent (Invitrogen, 15596-026). equal

amounts of RNA (1 μg) were transformed into cDNA with

the PrimScriptTM RT reagent Kit with gDNA Eraser (Takara,

RR047A). Quantitative TaqMan PCR was conducted with

SYBR Premix Ex TaqTM II (Takara, RR082A) by the

Applied Biosystems 7,500 Real-Time PCR System. All data

were normalized to GAPDH content and are expressed as fold

increase relative to the expression level in a sham-operated

control littermate mouse.

2.6 Histological and
immunohistochemical staining and
imaging

Mouse hearts were immediately immersed in 4% neutral

phosphate-buffered paraformaldehyde (12 h), embedded in

paraffin, and sectioned (4 μm). The sections of the specimens

were evaluated under a light microscope after were stained with

hematoxylin-eosin (HE), Masson’s trichrome, or wheat germ

agglutinin (WGA) and were then observed for morphological

changes and fibrosis in the myocardium.

For immunohistochemical staining, mouse heart tissues were

gathered for morphological analysis with mice hearts prepared as

4-µm thick serial paraffin-embedded sections and rehydrated in

graded alcohol. We treat the sections with 3% hydrogen peroxide

for 15 min to block endogenous peroxidase activity and incubate

them in imported goat serum (ZLI-9022, Beijing Zhongshan

Biotechnology) to prevent nonspecific binding of the antibodies.

The sections were then incubated separately for 14 h with

antibodies against IKKε (1:100, 3,416, CST), connexin43 (1:

100, ab11370, Abcam), IL-1β (1:50, sc7884, Santa Cruz), and

IL-18 (1:100, ab71495, Abcam), and then with goat anti-rabbit or

anti-mouse IgG (KIT-5004 and KIT-5001, MXB) for 1 h at 37°C

in a humidified box. Each antibody’s signal was developed using

the substrate diaminobenzidine (DAB, ZLI-9018, Beijing

Zhongshan Biotechnology). The sections were counterstained

with hematoxylin, and photomicrographs were taken with a Zeiss

SCOPE. A1 camera. The immunohistochemistry results were

analyzed based on Fromowitz semiquantitative analysis scores

used to score the brown chromogen intensity (range: 0–7). The

average score of each slice determined by two independent

observers was used for later comparison.

2.7 TUNEL staining

Frozen mice ventricular tissues were cut into 4 μm-thick

sections and fixed in 4% paraformaldehyde at room

temperature for 16 min. We performed the TUNEL assay

according to the in situ apoptosis detection kit (Roche

Diagnostics (Shanghai) Co., Ltd.). The sections are intubated

with protease K for 20 min, followed by equilibration buffer for

30 min and TUNEL reaction mixture for 1 h in a dark

humidified box at room temperature. The last, the sections

were stained with Hoechst to label nuclei and examined using a

fluorescence microscope. Only nuclei that were located in

cardiac myocytes were considered.

2.8 Statistical analysis

The data of experiments are presented as the mean ± SE.

Differences among groups were evaluated by an analysis of
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variance followed by a post hoc Tukey’s test. The two groups’

differences were assessed using Student’s t-test. All statistical

analysis used SPSS software (version 17.0; SPSS, Inc.). A value

of p < 0.05 was considered to indicate a statistically significant

difference.

3 Result

3.1 I-κB kinase-ε was evaluated in mice
with dilated cardiomyopathy

The western blotting analysis showed that the expression

of IKKε was increased in the WT + Dox group compared with

the WT + Saline group (Figure 1A, C). The images of IHC

showed the same increasing expression of IKKε (Figure 1B,

D). So, we found an apparent increasing expression of IKKε in
the heart tissues of WT mice injected with Dox for 30 days

compared to those of mice injected with saline.

3.2 I-κB kinase-ε knockout attenuated
dox-induced cardiac dilatation and left
ventricular dysfunction in mice

To examine the function of the IKKε in the development

of DCM in vivo, we established a mouse model of DCM by

intraperitoneally injecting Dox into WT and IKKε-KO mice.

After Dox injection, WT mice’s hearts showed significant

enlargement compared to Dox-induced IKKε-KO mice

hearts (Figure 2A). The ratio of heart weight to body

weight (HW/BW) among the four groups was evaluated,

and the ratio in the WT + Dox group mice was higher

than in the IKKε-KO + Dox group mice. (Figure 2B,

Table 1). Left ventricular ejection fraction (LVEF) and

fractional shortening (FS) were significantly lower in the

WT + Dox group than in the IKKε-KO + Dox group mice.

Moreover, left ventricular end-diastolic diameter (LVEDd)

and left ventricular end-systolic diameter (LVEDs) were

significantly increased in the WT + DOX mice compared

to WT + Saline mice and IKKε+Saline mice, and this change

was attenuated in IKKε-KO + Dox group mice (Figure 2C,

D). The results of PCR showed that heart exhaustion

markers, including atriopeptin (ANP), brain natriuretic

peptide (BNP), β -cardiac myosin heavy chain (β-MHC),

and skeletal muscle α-actin gene (Acta-1) significantly

decreased in the IKKε-KO + Dox group mice when

compared with the WT + Dox mice (Figure 2E). HE and

WGA staining showed cardiomyocyte hypertrophy,

myocardial structure destruction, and inflammatory cell

infiltration in the WT + Dox group mice, but these were

alleviated in the hearts of the IKKε-KO + Dox group mice

(Figure 2F). Furthermore, Masson’s trichrome staining also

showed that the collagen-stained area was remarkably larger

in the WT + Dox group mice than in the IKKε-KO + Dox

group mice (Figure 2F).

FIGURE 1
The expression of IKKε was increased in WT mice’ hearts after injection of Dox (A). Representative western blot showing expression of IKKε in
heart tissue after Dox injection (n = 4 mice per experimental group). (B). Representative images of IHC staining of IKKε in WT mice’ hearts after Dox
injection (n = 4mice per experimental group, 400x; vs. Saline, *p < 0.05). (C). Quantitative analyses of western blot of IKKε (vs. Saline, *p < 0.05). (D).
Quantitative analyses of IHC of IKKε (vs. Saline, *p < 0.05).
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FIGURE 2
Deficiency of IKKε attenuated the development of Dox-induced dilated cardiomyopathy. (A). Representative images of the hearts of WT and
IKKε-KOmice. (B). The ratio of heart weight/body weight between WT and IKKε-KOmice under Dox stimulation (n = 6mice each group in HW/BW;
vs. Saline orWTDox, *p < 0.05) (C,D). Representative images and parameters of echocardiography (LVIDd, LVIDs, FS, and EF) ofWT and IKKε-KOmice
injected with saline or Dox (n = 6 mice per experimental group; vs. Saline or WT Dox, *p < 0.05). (E). The mRNA analysis of markers of heart
failure (ANP, BNP, Acta-1, and β-MHC) in the heart of WT or IKKε-KO mice after Dox injection (n = 4 mice per experimental group; vs. Saline or WT
Dox, *p < 0.05). (F). Representative images of WGA staining, HE staining and Masson staining of WT and IKKε-KO mice (n = 4 mice per experimental
group, 400x for HE andWGA staining; 200x for Masson). The small arrows in HE refer to the changed nuclei after doxorubicin stimulation. Analysis of
collagen content of WT and IKKε-KO mice (n = 4 mice per experimental group, vs. Saline or WT Dox, *p < 0.05).
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3.3 I-κB kinase-ε knockout relieved
fibrosis, inflammation, and destruction of
gap junction structure after dox induction

Subsequently, we extensively examined the effect of IKKε on

inflammation, and collagen deposition. The expression of

proinflammatory factors (including TNF-α, IL-6, and IL-1β) and

fibrosis markers (including CTGF, Collagen 1a1, and Collagen 3a1)

showed the same trend in the two groups (Figure 3A). Furthermore,

both western blots and IHC staining revealed that Cx43 expression

significantly decreased in WT + Dox group mice compared with

IKKε-KO+Dox groupmice (Figures 3B–E). Thence, IKKε knockout
might alleviate inflammation, collagen deposition, and destruction of

gap junction structure after Dox induction.

3.4 I-κB kinase-ε knockout ameliorated
pyroptosis and apoptosis in myocardial
tissue after dox stimulation

The TUNEL result and the expression of apoptosis-marked

proteins suggested that apoptosis was more severe in WT + Dox

mice than in IKKε-KO + Dox mice (Figures 4A–C). Moreover,

the expression levels of IL-1β and IL-18 were significantly higher

in theWT +Dox group than in the IKKε-KO +Dox group, which

were determined by IHC staining (Figure 4D, E). Additionally,

western blot analysis showed the same tendency of caspase1 and

GSDMD, which are the markers of pyroptosis, between the two

groups (Figure 4F). In conclusion, the lack of IKKε might

alleviate apoptosis and pyroptosis in Dox-induced DCM.

3.5 I-κB kinase-ε knockout inhibited the
NF-κB signaling pathway in dox-induced
dilated cardiomyopathy

Due to the significant differences in the inflammatory reaction,

we evaluated the inflammation-related NF-κB signal pathways in

WT and IKKε-KOmice’s hearts after Dox stimulation. Interestingly,

we found apparent differences in IκBα, p65, RelB, and p100 in the

NF-κB pathways between the two groups after intraperitoneal

injection of Dox. The p-IκBα, p-P65, p-RelB, and p-p100 were

higher expressed in the WT + Dox group compared with the

IKKε-KO + Dox group (Figure 5A, B). Moreover, the nuclear

translocation of p65 was increased in the WT + Dox group when

compared to the IKKε-KO +Dox group (Figure 5C, D). The western

blot results suggested that IKKε deficiency might inhibit the NF-κB
signaling pathway in mouse hearts after Dox injection for 30 days.

4 Discussion

In this study, we demonstrated the role of IKKε on the

development of DCM by intraperitoneal injection of doxorubicin

in WT or IKKε-KO mice. Our study indicated that the knockout

of IKKε alleviated Dox-induced cardiac dilatation and left

ventricular dysfunction in mice. Moreover, the IKKε knockout
protected the heart against inflammation, fibrosis, apoptosis,

pyroptosis, destruction of gap junction structure, and

pathological cardiac remodeling in response to long-term Dox

stimulation. Thus, we provide the first time that IKKεmight play

a critical role in aggravating Dox-induced DCM.

Our previous study found that mice injected with doxorubicin

showed pathophysiological changes related to dilated

cardiomyopathy (Liu et al., 2020). In this study, the ratio of heart

weight to body weight in the WT + Dox group was higher than that

in the other groups. To examine whether IKKε knockout has

cardioprotective effects in Dox-induced DCM, we examined

murine cardiac function by echocardiography under steady-state

conditions. Our echocardiographic data showed that the WT mice

exhibited worst cardiac function with a lower EF and FS after Dox

injection.

Moreover, echocardiographic examination revealed that the

Dox-injected WT mice’s ventricular cavity was more extensive,

and the ventricular wall was thinner than those of untreated WT

mice. However, this change was alleviated in IKKε-KO + Dox group

mice. As shown in Figure 3A, PCR also showed that heart failure

markers (ANP, BNP, β-MHC, and Acta-1) were higher in theWT +

Dox group than in the WT + Saline group. However, this

deterioration of cardiac function was alleviated in the IKKε-KO +

Dox group mice, which indicated a better cardiac function in IKKε-
KO + Dox group mice compared to WT + Dox group mice.

Additionally, the IKKε is a non-canonical IκB kinase that plays a

significant role in fibrosis and inflammation (Verhelst et al., 2013;

TABLE 1 heart weight and body weight of mice after Dox-induced.

number Heart weight (mg) Body weight(g) HW/BW(mg/g)

WT + Saline 128 ± 2.966 31.167 ± 1.835 4.118 ± 0.235

IKKε+Saline 125.167 ± 4.665 30 ± 2.366 4.186 ± 0.234

WT + Dox 143 ± 4.648# 23.667 ± 1.366# 6.055 ± 0.4#

IKKε+Dox 130.167 ± 2.317* 26.333 ± 1.032* 4.94 ± 0.223*

#p < 0.05 vs. WT + Saline,*p < 0.05 vs. WT + Dox.
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Zhou et al., 2019). Previous studies (Cao et al., 2014; He et al., 2019)

have shown that IKKε deficiency inhibits the inflammatory response

and fibrosis in cardiovascular disease. IKKε knockout attenuates

inflammation to promote cardiac protection in mice treated with a

high-fat diet. Moreover, IKKε deficiency inhibits the fibrosis of

cardiac remodeling and attenuated aortic valve thickening in

apolipoprotein E deficient mice after angiotensin II-induced. As

shown in Figure 2E, cardiomyocyte hypertrophy and

inflammatory cell infiltration were evidenced in HE and WGA

staining, which was alleviated in the hearts of IKKε-KO mice

with Dox-induced. Moreover, Masson’s trichrome staining

showed that the collagen area was remarkably larger in the WT +

Dox group compared to IKKε-KO + Dox group mice. Consistent

with previous studies (Corr et al., 2009; Bulek et al., 2011), we found

an increased expression of anti-inflammatory factors (IL-10) and a

decreased expression of proinflammatory factors (IL6, IL-1β, and
TNF-α) in IKKε-KO mice after Dox injection. Therefore, IKKε
knockout inhibits the inflammation during the process of Dox-

induced DCM.

Dilated cardiomyopathy is often accompanied by arrhythmia.

Reducing fibrosis is a primary therapeutic strategy because heart

electrophysiology can be disrupted by fibrotic tissue and triggered

life-threatening arrhythmias (Piek et al., 2019). Connexin43 is a

cardiac gap junction protein that plays a vital role in the proper

coordination of electrical conduction and mechanical contractility.

Connexin 43 (Cx43), the most abundant cardiac gap junction

FIGURE 3
IKKε knockout relieved heart failure, fibrosis, inflammation, and destruction of gap junction structure after Dox induction. (A). The mRNA
analysis ofmarkers of Inflammatory cytokines (IL-6, IL-1β, TNF-α, and IL-10), and collagen-related factors (CTGF, TGF-β1, Collagen 1a1, and Collagen
3a1) in the heart ofWT or IKKε-KOmice after Dox injection (n= 4mice per experimental group; vs. Saline orWTDox, *p < 0.05). (B,D). Representative
IHC images and analyses of Cx43 in the heart tissues of WT and IKKε-KOmice after Dox stimulation (n = 4 mice per experimental group, 400x,
vs. Saline or WT Dox, #p/*p < 0.05). (C,E) Representative western blot images and analysis of Cx43 in heart tissue after Dox injection (n = 4 mice per
experimental group, #vs. Saline or WT Dox, p/*p < 0.05).
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FIGURE 4
IKKε knockout ameliorated pyroptosis and apoptosis in myocardial tissue after Dox stimulation. (A). Representative figures and analysis of
TUNEL staining of tissue fromWT and IKKε-KOmice after Dox injection (n= 4mice per experimental group, vs. Saline orWTDox, #p/*p < 0.05). (B,C).
The western blotting images and analysis of apoptosis-related proteins in the heart tissue of WT and IKKε-KOmice injected with Dox for 30 days (n =
4 mice per experimental group, vs. Saline or WT Dox, #p/*p < 0.05). (D,E). Representative Immunohistochemistry images and analysis of IL-18
and IL-1β in the heart tissues of WT and IKKε-KO mice after Dox injection (n = 4 mice per experimental group, 200x, vs. Saline or WT Dox, #p/*p <
0.05). (F). Representative western blot images and analysis of proteins associated with pyroptosis in heart tissue of WT and IKKε-KO mice injected
with Dox for 30 days (n = 4 mice per experimental group, vs. Saline or WT Dox, #p/*p < 0.05).
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protein, decreased in the decompensatory stage, or dilated

cardiomyopathy might be associated with the destruction of gap

junction structure (Kostin et al., 2003; Chang K. T. et al., 2017; Le

Dour et al., 2017). In our study, the PCR analysis of fibrosis markers

(CTGF, Collagen 1a1, and Collagen 3a1) showed that the IKKε-KO
alleviated fibrosis in murine hearts after Dox stimulation.

Additionally, the result of connexin43 tested by western blot and

IHC staining suggested that destruction of cardiac gap junction

structure was significantly attenuated in IKKε-deficient mice.

Taken together, our results reveal that IKKε deficiency can reduce

fibrosis and disruption of gap junction structures to protect the

cardiac electrophysiological functions in Dox-induced DCM.

Numerous previous researches have revealed that apoptosis

is associated with dilated cardiomyopathy (Zhang et al., 2017;

Mazelin et al., 2016; Yin et al., 2022). Moreover, Dox increases

ROS production in cardiomyocytes, which leads to

mitochondrial damage and promotes apoptosis (Wu et al.,

2016; Xia et al., 2017). The TUNEL staining and western

blotting results of Bax, cleaved-caspase3, caspase6, and

caspase9 showed a significantly higher expression of

apoptosis in WT + Dox group mice than those of the group

to IKKε-KO + Dox group mice, which suggested that the IKKε
knockout could inhibit apoptosis in Dox-induced DCM.

Pyroptosis is known as a form of programmed cell death,

accompanied by inflammation. The characteristics of

pyroptosis are disruption of the plasma membrane and

release of cellular contents and proinflammatory mediators,

including IL-1β and IL-18 (Ge et al., 2018).

FIGURE 5
IKKε knockout inhibited the NF-κB signaling pathway in Dox-induced DCM. (A). Representative western blots showing total protein and the
phosphorylation levels of IκBα, RelB, p65, and p100 in the NF-κB pathway in heart tissues of WT and IKKε-KOmice injected with Dox (n = 6mice per
experiments). (B). Quantitative analysis of western blotting of proteins related to the NF-κB pathway (n = 6 mice per experimental group; #p/*p <
0.05 vs. Saline orWTDOX). (C). Representative western blots showing the nuclear and cytoplasmic protein levels of p65 in theNF-κB pathway in
heart tissues from WT and IKKε-KO mice injected with Dox (n = 6 independent experiments). (D). Relative quantitative analysis of nuclear
translocation of p65 (n = 6 mice per experimental group; #p/*p < 0.05 vs. Saline or WT DOX).
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Moreover, pyroptosis plays a role in many cardiovascular

diseases, including atherosclerosis, heart failure, and

cardiomyopathy (Vande Walle and Lamkanfi, 2016). Gasdermin-

D (GSDMD) is known as the critical executioner of pyroptosis

(Vande Walle and Lamkanfi, 2016). In addition, a previous study

suggested thatNF-kBwas an essential transcription factor ofGSDMD

(Liu et al., 2017). Promoting the phosphorylation of the NF-κB
subunit p65 increases the production and release of IL-1β(Denkers
et al., 152019).We detected the pyroptosis-related proteins and found

that the expression of representative factors of pyroptosis (IL-1β, IL-
18, caspase1, and GSDMD) was higher in WT + Dox mice than in

IKKε-KO + Dox mice. Consequently, deficiency of IKKε could

attenuate apoptosis and pyroptosis in Dox-induced DCM.

IKKε is a member of the IKK complex, which regulates the NF-

κB pathway. Numerous previous studies have verified that IKKε is
associated with phosphorylation of p65 in the classical NF-κB
pathway (Moser et al., 2011; Yi et al., 2013; Changchun et al.,

2014; Yang et al., 2018). In our study, the western blotting

showed that the phosphorylation of IκBα, p65, RelB, and

p100 was increased in WT mice after Dox injection. However,

this trend was not found in Dox-treated IKKε knockout mice;

and the nuclear translocation of p65 which is a significant

member of the NF-κB pathway was inhibited by IKKε knockout

in Dox-induced mice. Thus, we hypothesized that IKKε has a

relationship with the NF-κB pathway in Dox-induced murine DCM.

TheDox-inducedDCMinmice occursmainly through the direct

lesion of cardiomyocytes, leading to inflammation, cardiomyocyte

apoptosis, and pyroptosis. Although this model is similar to human

DCM, it does not fully simulate many human DCM aspects. Limited

by time, this study only performed the research in vivo, which

revealed IKKε as an essential regulator in Dox-induced DCM

development. In the future, we will clarify the exact mechanism of

IKKε in Dox-induced rat cardiomyocytes in vitro.

In conclusion, IKKε-KO attenuates Dox-induced DCM in.

mice and reduces the inflammatory reaction, apoptosis,

pyroptosis, and destruction of gap junction structure by

inhibiting the NF-κB pathway. Therefore, our study might

find a novel therapeutic target for the treatment of DCM.
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