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Acute sleep deprivation increases inflammation and aggravates
heart failure after myocardial infarction
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Summary

Sleep disorders have been observed among patients with heart failure. The aim of this

study was to investigate whether acute sleep deprivation (SD) aggravates left heart

function. Male C57B/L6 mice were assigned to four experimental groups. Ligation of

the left anterior descending branch (LAD) caused myocardial infarction (MI) in mice in

the LAD group and the LAD+SD group, while mice in the sham and sham+SD groups

underwent the same surgery without ligation. Echocardiography was performed

before and 8 weeks after ligation of the LAD to evaluate the left ventricular internal

diameter at diastole (LVIDd), left ventricular internal diameter at systole (LVIDs), ejec-

tion fraction (EF), and fractional shortening (FS). Seven days of sleep deprivation

induced using the modified single platform method resulted in a lower EF and FS and

a higher LVIDd and LVIDs, as well as increased expression of the IL-1β, IL-18, and

IL-10 mRNAs in the left ventricular tissue of MI mice. ELISA also indicated higher

levels of IL-1β and IL-10 in the LAD+SD group. It was concluded that acute sleep dep-

rivation induced cardiovascular alterations in cardiac structure and function in HF

mice, accompanied by increased levels of inflammatory cytokines.
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1 | INTRODUCTION

Heart failure (HF) (Metra & Teerlink, 2017), which has high morbidity

and mortality rates, contributes significantly to increasing health care

costs. Much effort has been spent searching for valid therapies for

heart failure, but no ideal drugs or regimens have been developed

(Piek et al., 2018).

In the clinic, sleep disorders, such as insomnia and fragmentation,

are common in patients with heart failure (Coniglio & Mentz, 2020).

According to previous studies (Giampá et al., 2016; Wright

et al., 2015), REM sleep deprivation increases the plasma levels of

oxidative stress and inflammatory markers, accelerating myocardial

necrosis and fibrosis. Some researchers have suggested that post

infarct sleep disruption leads to an enlargement of the heart and

increased oxidative stress and NO production, which may ultimately

result in cardiac dysfunction (Aghajani et al., 2017). However, the

effect of acute sleep deprivation on heart function after cardiac

infarction has received little attention.

M-type ultrasonic diagnostic instruments (also known as echocar-

diography instruments) can show the movement of organs, mainly

used for the diagnosis of cardiovascular diseases, and has become a

common functional test in many cardiac studies (Hauck et al., 2021;
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Zhang et al., 2021). By measuring the change in distance between the

intima, the left ventricular internal diameter at diastole (LVIDd), left

ventricular internal diameter at systole (LVIDs), heart rate (HR), ejec-

tion fraction (EF), and fractional shortening (FS) could be acquired.

When mice had impaired cardiac systolic function, it was shown that

the LVIDd and LVIDs increased, and FS and EF decreased.

A large body of evidence suggests that impaired cardiac function

is associated with the induction of cytokines and chemokines. The

pro-inflammatory cytokines such as tumor necrosis factor (TNF)-α,

interleukin (IL)-1, IL-6, MCP-1, and IL-10 may contribute to the patho-

genesis of adverse remodelling, and systolic and diastolic dysfunction

(Hanna & Frangogiannis, 2020). IL-1β could suppress systolic cardio-

myocyte function through effects that may involve disruption of cal-

cium handling (Kumar et al., 1996) or suppression of β-adrenergic

responses (Gulick et al., 1989). High IL-18 levels correlate with an

increased risk of developing cardiovascular disease (CVD) and with a

worse prognosis in patients with established CVD (O'Brien

et al., 2014). IL-10 could activate fibroblasts, and stimulate collagen

deposition, leading to impaired myocardial relaxation and increased

myocardial stiffness (Hulsmans et al., 2018).

The aim of this work was to assess whether acute sleep depriva-

tion affected the left ventricular function of a model of myocardial

infarction and whether the underlying mechanism is related to the

change of inflammatory factors in the heart tissue.

2 | MATERIALS AND METHODS

2.1 | Animal experimental protocols

All experiments were performed in accordance with the recommenda-

tions of national and international care and ethical guidelines and

were approved by the Ethics Committee for Animal Research of Affili-

ated Suzhou Hospital, Nanjing Medical University (permit code:

2021111240). Adult male C57BL/6 mice (aged 6–8 weeks) were used

in the present study. C57BL/6 mice (12 h light/dark cycle; water/food

provided ad libitum) were distributed into the LAD group, LAD+SD

group, sham+SD group, and sham group (n = 5).

2.2 | Coronary artery ligation

Heart failure was conducted by ligating the left anterior descending

artery. An elevation of ST indicated by ECG is considered to show

successful ligation of the anterior descending branch. Heart failure

was allowed to progress for 8 weeks during left ventricular remo-

delling. The mice in the LAD group received left anterior descend-

ing artery ligation, while mice in the LAD+SD group received

1 week of acute sleep deprivation 8 weeks after LAD ligation. Mice

in the SHAM group underwent thoracotomy without ligation, while

mice in the SHAM+SD group only received thoracotomy without

ligation and the same process of sleep deprivation as the LAD+SD

group.

2.3 | Sleep deprivation

The acute sleep deprivation paradigm was conducted using the multi-

ple small platform for 7 consecutive days. Five mice were placed in

each cage (38 � 31 � 17 cm), and each cage contained 12 platforms

(2.5 cm diameter). Each cage was spaced 7 cm apart and filled with

water 1 cm below the upper surface of the platform. Thus, when ani-

mals entered the paradoxical phase of sleep and lost muscle tone,

they were awoken by falling into the water. Food and water were

available ad libitum.

2.4 | Ultrasonography

Mice were anaesthetised and immobilised to assess cardiac function.

Echocardiography was performed using a 16 MHz ultrasound probe

with a GE Vivid 9 ultrasound platform (GE Health Care, Milwaukee, WI,

USA). The left ventricular short axis was displayed by the probe, while

the results of M-mode measurements provided data on parameters

such as the left ventricular internal diameter at diastole (LVIDd), left

ventricular internal diameter at systole (LVIDs), and heart rate (HR). The

EF and FS analyses were conducted using onboard ultrasound analysis

software. Nine weeks after the operation and sleep deprivation, the

haemodynamic parameters were measured using echocardiography.

2.5 | Quantitative PCR

Immediately after the final echography session, the mice were anaes-

thetised, and noninfarcted heart tissue was dissected. Noninfarcted

heart tissue was homogenised, the total RNA was isolated, and mRNA

was transcribed into cDNAs using a TransScript All-in-one First-strand

cDNA Synthesis kit for qPCR (Code: AT341-02). Quantitative poly-

merase chain reaction (PCR) amplification was performed using the

GeneCopoeia platform (No: QP001). Gene expression was normalised

to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and ana-

lysed using the 2(�44Ct) method. The primer sequences used in the

present study are listed in Table 1.

2.6 | ELISA

The IL-1β (KE10003; Proteintech, Wuhan, China) and IL-10 concentra-

tions (CSB-E04594m, CUSABIO, Wuhan, China) were measured using

standard ELISA kits. Protein extracted from noninfarcted heart tissue

was used for further tests. Data are presented for individual cytokines,

as well as for the ratios between the levels of different cytokines.

2.7 | Statistical analysis

All data were analysed using GraphPad Prism 9.0 statistical software.

Data are presented as the mean ± standard deviation, and
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TABLE 1 Sequences of primers used
for real-time qPCR experiments

Gene Gene ID Forward primer 50-30 Reverse primer 50-30

GAPDH 287,362 CACTGAGCAAGAGAGGCCCTAT GCAGCGAACTTTATTGATGGTATT

IL-10 25,166 CCTCTGGATACAGCTGCGAC GTAGATGCCGGGTGGTTCAA

IL-1β 24,494 AGCTTCCTTGTGCAAGTGTCT GACAGCCCAGGTCAAAGGTT

IL-6 24,498 ACGTAGCTAGCTAGTCGGTATG TCGTAGCTTGGCTAGTCGATCG

IL-18 24,599 CAGGCCTGACATCTTCTGCAA TCTGACATGGCAGCCATTGT

TNF-α 29,693 CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG

F IGURE 1 Confirmation of the LAD
model and examination of left ventricular
function in mice. (a) Schematic of the
timeline for the animal experiment in
which mice were subjected to sleep
deprivation 8 weeks after LAD model
establishment. (b) Electrocardiogram of
control mice without ST segment
elevation. (c) Electrocardiogram of LAD
model mice with ST segment elevation.
(d) The comparison of the HRs of mice in
the LAD and sham groups is shown.
(e) The comparison of the EF of mice in
the LAD and sham groups is shown. The
significance of differences between
groups was determined using Welch's t-
test (n = 5, *p < 0.05). (f ) The comparison
of the FS in mice from the LAD and sham
groups is shown. The significance of
differences between groups was
determined using Welch's t-test (n = 5,
*p < 0.05). (g) The comparison of the
LVIDd of mice in the LAD and sham
groups is shown. The significance of
differences between groups was
determined using Welch's t-test (n = 5,
*p < 0.05). (h) The comparison of the
LVIDs of mice in the LAD and sham

groups is shown. The significance of
differences between groups was
determined using Welch's t-test
(n = 5, *p < 0.05)
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comparisons were performed with unpaired Welch's t-test. A value of

p < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Acute sleep deprivation promotes a
deterioration of cardiac function in mice with
myocardial infarction

As shown in Figure 1a, at the beginning of the experiment, the mice

in the LAD and LAD+SD groups underwent thoracotomy to ligate

the left anterior descending branch, which was confirmed by elec-

trocardiography (Figure 1b), while the mice in the sham and sham+-

SD groups underwent the same surgery without ligation (Figure 1c).

Eight weeks after surgery, the mice in the LAD+SD and sham+SD

groups were subjected to sleep deprivation for 1 week. The echocar-

diogram results showed that after 8 weeks of observation, with rela-

tively equal heart rate levels (Figure 1d, n = 5), mice in the LAD

group exhibited a significant decrease in EF and FS compared with

the sham group (Figure 1e,f, n = 5, *p < 0.05), with increasing LVIDd

and LVIDs (Figure 1g,h, n = 5, *p < 0.05). In addition, 1 week of sleep

deprivation caused a significant deterioration of the cardiac function

of mice in the LAD+SD group (Figure 2a,b). Mice in the LAD+SD

group had an even lower EF and FS (Figure 2d,e, n = 5, *p < 0.05)

and a higher LVIDd and LVIDs than mice in the LAD group

(Figure 2f,g, n = 5, *p < 0.05). However, sleep deprivation had no

effect on the cardiac systolic function mice in the sham group

(Figure S1B–E, n = 5).

3.2 | Acute sleep deprivation increased
inflammation in the post ischaemic heart tissue

After the acquisition of echocardiogram data, the left ventricular

tissue was harvested for further detection. To explore the cause of

the decline, we examined the expression of inflammatory factors in

the mouse heart tissues to explore the cause of the decrease in the

F IGURE 2 Sleep deprivation
deteriorated the left ventricular function
of LAD mice. (a,b) Echocardiography
results from mice in the LAD and
LAD+SD groups. (c) The comparison of
the HRs of mice in the LAD and LAD+SD
groups is shown. (d) The comparison of
the EF of mice in the LAD and LAD+SD
groups is shown. The significance of

differences between groups was
determined using Welch's t-test (n = 5,
*p < 0.05). (e) The comparison of FS in
mice from the LAD and LAD+SD groups
is shown. The significance of differences
between groups was determined using
Welch's t-test (n = 5, *p < 0.05). (f) The
comparison of the LVIDd of the LAD and
LAD+SD groups is shown. The
significance of differences between
groups was determined using Welch's t-
test (n = 5, *p < 0.05). (g) The comparison
of the LVIDs in mice from the LAD and
LAD+SD groups is shown. The
significance of differences between
groups was determined using Welch's t-
test (n = 5, *p < 0.05)
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cardiac function of LAD mice induced by sleep deprivation. Using

quantitative PCR, we found that acute sleep deprivation significantly

increased IL-1β, IL-10, and IL-18 levels in noninfarcted myocardium

(Figure 3a,d,e, n = 5, *p < 0.05). The ELISA results further confirmed

the trends of increased IL-1β and IL-10 expression in the noninfarcted

myocardium of mice in the LAD+SD group compared with the LAD

group (Figure 3h,i, n = 5, *p < 0.05). However, in comparison with the

Sham group and the Sham+SD group, the expression of inflammatory

factors in heart tissues was not significantly affected by sleep depriva-

tion (Figure S1F–N, n = 5).

4 | DISCUSSION

Although sleep disorders are considerably associated with arrhythmia

and cardiovascular disease, the effect of acute sleep deprivation on

myocardial infarction has received little attention. For the first time,

our trial provides experimental data showing that acute sleep depriva-

tion for 7 consecutive days aggravated the left ventricular dysfunction

after myocardial infarction.

A study confirmed that the concentrations of corticosterone,

cytokines (IL-6, TNF, and IL-10) and miRNAs (miR-146a, miR-155,

F IGURE 3 Changes in the levels of inflammatory factors in left ventricular tissue were analysed using qPCR and ELISA. (a) The comparison of
IL-1β mRNA levels in the left ventricles of mice in the LAD and LAD+SD groups is shown. The significance of differences between groups was
determined using Welch's t-test (n = 5, *p < 0.05). (b) The comparison of IL-6 mRNA levels in the left ventricles of mice in the LAD and LAD+SD
groups is shown. (c) The comparison of TNF-α mRNA levels in the left ventricles of mice in the LAD and LAD+SD groups is shown. (d) The
comparison of IL-18 mRNA levels in the left ventricles of mice in the LAD and LAD+SD groups is shown. The significance of differences between
groups was determined using Welch's t-test (n = 5, *p < 0.05). (e) The comparison of IL-10 mRNA levels in the left ventricles of mice in the LAD
and LAD+SD groups is shown. The significance of differences between groups was determined using Welch's t-test (n = 5, *p < 0.05). (f) The
comparison of MCP-1 mRNA levels in the left ventricles of mice in the LAD and LAD+SD groups is shown. (g) The comparison of iNOS mRNA
levels in the left ventricles of mice in the LAD and LAD+SD groups is shown. (h) ELISA revealed increased levels of IL-1β in the left ventricles of
mice in the LAD+SD group. The significance of differences between groups was determined using Welch's t-test (n = 5, *p < 0.05). (i) ELISA
revealed increased levels of IL-10 in the left ventricles of mice in the LAD+SD group. The significance of differences between groups was

determined using Welch's t-test (n = 5, *p < 0.05)
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miR-223, miR-16, miR-126, and miR-21) in serum were increased

after 192 h of paradoxical sleep deprivation (Brianza-Padilla

et al., 2018). Another trial showed that sleep disruption participated in

cardiac remodelling 24 h after myocardial infarction, accompanied by

increased levels of NO, oxidative stress, and echocardiographic indi-

ces (p < 0.05) (Aghajani et al., 2017). Mice in the LAD+SD group

exhibited a lower EF and FS and a higher expression of inflammatory

cytokines (IL-1β, IL-18, and IL-10). Increased levels of inflammatory

cytokines correlate with a worse prognosis of heart failure (Adamo

et al., 2020), and researchers have proposed that inflammation may

promote disease development in patients with heart failure. Proin-

flammatory cytokines such as IL-1β and IL-18 exert adverse effects on

cardiac remodeling, cytokine-mediated systolic dysfunction, and heart

failure (Gao et al., 2019; Xiao et al., 2018). IL-10 and other inflamma-

tory cytokines are also activated by cardiac injury, promoting the

development of myocardial remodelling and fibrosis (Mahmoudi

et al., 2019). In addition, the CANTOS trial showed that treatment

with canakinumab (an IL-1β antagonist) resulted in a dose-dependent

reduction in the rate of hospitalisations for heart failure, hospitalisa-

tion or heart failure-related death (Everett et al., 2019). Therefore, we

speculate that inflammatory inhibitors may improve the prognosis of

patients with cardiac infarction after SD.

Sleep deprivation, an independent predictor of stroke, chronic

heart failure, and cardiovascular and cerebrovascular diseases,

increases the incidence of ventricular fibrillation and ventricular

arrhythmias (Bhatwadekar et al., 2017). In the study by Wright, circa-

dian misalignment significantly increased plasma tumor necrosis

factor-alpha (TNF-α), interleukin 10 (IL-10), and C-reactive protein

(CRP) levels (p < 0.05) (Wright et al., 2015). An increase in the levels

of IL-10 after long-term sleep deprivation (18 h/day for 21 days) has

also been reported previously (Venancio & Suchecki, 2015). Our trials

indicated that IL-1β, IL-10, and IL-18 levels in noninfarcted hearts

were increased in the LAD+SD compared with the LAD groups.

Markedly upregulated levels of the cytokines IL-18, IL-1β, and IL-10,

together with lower EF and FS, were observed in the LAD+SD group,

indicating that REM sleep deprivation may affect the outcomes of

myocardial infarction by upregulating IL-1β and IL-18.

The quality and length of sleep are vital for maintaining normal

cardiovascular function (Venancio & Suchecki, 2015). Sleep depriva-

tion alters the epigenetic and transcriptional characteristics of CLOCK

genes, including Bmal-1, CLOCK, cry-1, and per-171(Moreno-

Villanueva et al., 2018). Overexpression or restriction of sleep epi-

gones may alter the progression of heart failure (Duong et al., 2019;

Qin & Deng, 2015). Further studies exploring whether improving the

sleep of patients with heart failure improves the prognosis would be

worthwhile.

Our trials have some limitations. First, we did not explore the

pathogenic mechanism by which sleep deprivation aggravates left

ventricular dysfunction after myocardial infarction. Second, our study

was performed exclusively in male animals. Some sex differences have

been reported in rodent heart failure models (Regitz-Zagrosek &

Seeland, 2011), and in the early stages of myocardial infarction, sleep

deprivation could increase the extent of ischaemia-induced injury in a

sex-dependent manner (Zoladz et al., 2016). More notably, a cohort

study also showed that there were gender differences in the associa-

tion between insomnia and heart failure (Laugsand et al., 2014).

Therefore, future studies are needed to explore the interaction

between sleep deprivation and heart failure in female mice and to elu-

cidate its mechanism.

In conclusion, sleep deprivation increased inflammation and

exerted deleterious effects on the heart structure and function of

mice with heart failure that were detectable using echocardiography.
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