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Abstract: Aim: Acute coronary syndrome (ACS), a leading cause of morbidity and mortality worldwide, is among the 
most serious cardiovascular diseases. Circadian rhythms are present in almost all organisms. In clinical practice, 
we have found that ACS is closely related to these circadian rhythms. However, the relationship between circadian 
rhythms and plaque instability in ACS patients is incompletely understood. The aim of this study is to provide new 
insights into the relationship between circadian rhythms and plaque instability in ACS patients. Methods: We en-
rolled patients with ACS and individuals with normal coronary artery function in this study. The Athens Insomnia 
Scale (AIS), Pittsburgh Sleep Quality Index (PSQI), International Physical Activity Questionnaire (IPAQ) and Healthy 
Diet Score (HDS) were used to evaluate circadian rhythms. Furthermore, quantitative real-time polymerase chain 
reaction (qRT-PCR) was used to assess the mRNA expression levels of muscle aryl hydrocarbon receptor nuclear 
translocator-like protein 1 (Bmal1), circadian locomotor output cycles kaput (Clock), Cryptochrome1 (Cry1), Period2 
(Per2), nuclear receptor subfamily 1, group D, member 1 (Rev-erbα), and matrix metalloproteinases MMP2 and 
MMP9. Results: AIS scores and PSQI scores were significantly higher in patients with ST segment elevation myo-
cardial infarction (STEMI), non-ST segment elevation myocardial infarction (NSTEMI), and unstable angina pectoris 
(UA) than in the normal controls (NCs) (P < 0.05). The IPAQ scores of the NCs and patients with UA were significantly 
higher than in patients with STEMI and NSTEMI (P < 0.05). Notably higher HDS scores were recorded for the NCs 
compared to those of patients with UA, NSTEMI, and STEMI (P < 0.05). Consistent with these findings, compared 
with the NCs, the lowest levels of Bmal1, Clock, Cry1, Per2 and Rev-erbα mRNAs were detected in patients with 
STEMI, followed by patients with NSTEMI and then patients with UA (P < 0.05). Furthermore, the levels of MMP2 and 
MMP9 mRNA were significantly higher in the patients with STEMI, NSTEMI, and UA than those in the NCs (P < 0.05). 
In addition, we found that the levels of MMP mRNA negatively correlated with the levels of clock genes mRNAs (P 
< 0.05, respectively). Conclusions: Based on our data, the circadian rhythms and clock genes are correlatively with 
the occurrence of ACS, and the expression levels of clock genes are negatively correlated with plaque stability in 
ACS patients.
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Introduction

Acute coronary syndrome (ACS) is a serious 
clinical syndrome that includes unstable angi-
na pectoris (UA), ST segment elevation myocar-
dial infarction (STEMI), and non-ST segment 
elevation myocardial infarction (NSTEMI). It is 
caused by partial or complete occlusion of the 
coronary arteries due to sudden rupture of ath-
erosclerotic plaques and subsequent coronary 
thrombosis [1]. Myocardial infarct and unstable 
angina tend to occur between the early morn-

ing and noon [2]. Epidemiological research has 
consistently shown the circadian rhythmicity of 
the time of ACS onset [2]. Therefore, we specu-
lated that this phenomenon may be related to 
circadian rhythms; however, the mechanism 
underlying the phenomenon remains unclear.

All organisms, including bacteria, plants and 
mammals, have intrinsic 24-h rhythms that 
adapt to changes in the surrounding environ-
ment. In humans, the central pacemaker of the 
circadian rhythm is the suprachiasmatic nucle-

http://www.ijcep.com


Circadian rhythms and plaque instability

3762	 Int J Clin Exp Pathol 2019;12(10):3761-3771

us (SCN) of the hypothalamus, which orches-
trates the 24-h cycles present in most cells of 
the body that are of particular relevance to 
behavioral and physiological functions, includ-
ing sleep/wake cycles, feeding behavior, and 
rhythmic activity [3]. The core genes of the cir-
cadian clock include Clock and Bmal1, and the 
regulatory genes include Crys, Pers and Rev-
erbs, which play important roles in regulating 
physiologic activities. Many animal experiments 
and clinical studies have shown that abnormal 
circadian rhythms may lead to atherosclerosis 
[4], obesity [5], diabetes mellitus [6], hyperlipid-
emia [7], endothelial cell dysfunction [8] and 
abnormal immune response [9]. These condi-
tions are closely related to the occurrence of 
ACS.

The aim of our study was to investigate interac-
tions between abnormal circadian rhythms and 
plaque instability in acute coronary syndrome 
patients. We hypothesized that abnormal circa-
dian rhythms and clock genes contribute to the 
development of ACS.   

Materials and methods

Patient population

This study analyzed the relationship between 
abnormal circadian rhythms and ACS. In our 
study, 218 patients were recruited from the 
Central People’s Hospital in Yichang, Hubei 
Province, China. Their ages ranged from 29 to 
85 years (mean age: 60.06 ± 11.15 years). 
Subjects were provided with detailed oral and 
written information about the research project 
and provided written consent prior to participa-
tion. The Ethics Committee of the Central 
People’s Hospital of Yichang approved the 
study. Patients were classified into four groups: 
group 1: normal control group (NC); group 2:  
UA group; group 3: acute STEMI group; and 
group 4: acute NSTEMI group. The diagnostic 
criteria were derived from the American Heart 
Association (AHA), the American College of 
Cardiology (ACC), and European Society of 
Cardiology (ESC) [10, 11].

Inclusion and exclusion criteria

NC group: patients were diagnosed by coronary 
angiography, and no vascular diseases were 
observed.

UA group: 1) negative serum troponin level; 2) 
clinical manifestation of chest pain; and 3) the 
electrocardiogram (ECG) showed transient ST 
segment depression and/or a flat or inverted 
T-wave flat and rare ST segment elevation.

Acute STEMI group: 1) typical ischemic clinical 
manifestation of chest pain lasting ≥ 20 min; 2) 
ST segment elevation (≥ 1 mm) in ≥ 1 electro-
cardiogram leads; 3) a cardiac troponin (T or I), 
or a creatine kinase-myoglobin (CKMB) level 
greater than the institutional upper limit of nor-
mal; and 4) a coronary angiography revealed 
stenosis in the coronary artery.

Acute NSTEMI group: 1) typical clinical manifes-
tation of chest pain during the 24 h prior to 
receiving medical treatment; 2) changes ob- 
served on ECG indicative of myocardial isch-
emia: ST segment depression (≥ 1 mm) and/or 
T-wave inversion; 3) a cardiac troponin (T or I) or 
a CKMB level greater than the institutional 
upper limit of normal; and 4) coronary angiogra-
phy revealed stenosis in the coronary artery.

The exclusion criteria were as follows: 1) cardio-
vascular events for < 1 year, such as a stroke  
or myocardial infarction; 2) low-density lipopro-
tein (LDL)-cholesterol level ≥ 4.3 mmol/L; 3) 
presence of malignant diseases; 4) renal fail-
ure; 5) liver diseases; 6) various chronic and 
acute infections; 7) connective tissue diseases; 
8) received treatment with anti-inflammatory 
drugs and/or immunosuppressive agents; 9) 
pregnant or lactating patients; and 10) sub-
jects who were participating in another clinical 
trial or refused to sign the informed consent 
form.

Circadian rhythm assessments

The circadian rhythms of humans mainly mani-
fest as sleep/wake cycles, feeding behavior 
and rhythmic activity. Therefore, we evaluated 
circadian rhythms among the enrolled patients 
in terms of sleep, diet and exercise. The Athens 
Insomnia Scale (AIS) shown in Table S1 in the 
Supplementary Appendix and the Pittsburgh 
Sleep Quality Index (PSQI) shown in Table S2 in 
the Supplementary Appendix were used to 
assess sleep quality during the last month. The 
International Physical Activity Questionnaire 
(IPAQ) shown in Table S3 in the Supplementary 
Appendix was used to assess the amount of 
physical activity in the last 7 days, and the sum 
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of the MET (metabolic equivalent of task) min/
week was calculated for each participant. In 
the IPAQ, 3.3 METs correspond to 1 minute of 
walking, 4.0 METs correspond to 1 minute of 
moderate activity and 8.0 METs correspond to 
1 minute of vigorous activity. The Healthy Diet 
Score (HDS) shown in Table S4 in the Supp- 
lementary Appendix was used to assess daily 
energy intake during the last month. 

Blood sample collection

We collected 8-10 mL of peripheral blood from 
all participants after an overnight fast. Blood 
samples were treated with ethylene diamine 
tetraacetic acid (EDTA) and examined within 4 
h. The anti-coagulated blood was used for 
quantitative real-time polymerase chain reac-
tion (qRT-PCR). 

Isolation of peripheral blood mononuclear 
cells (PBMCs)

PBMCs were isolated from 5 mL of ethylene 
diamine tetraacetic acid-treated venous blood 
samples by Ficoll-Hypaque gradient centrifuga-
tion (1,600 rpm at room temperature for 19 
min). After the centrifugation, the cells from the 
interface were collected and washed twice in 
Roswell Park Memorial Institute (RPMI) 1640 
medium (Invitrogen, Auckland, NZ, USA).

qRT-PCR

Levels of the Bmal1, Clock, Per2, Cry1, Rev-
erbα, Mmp2 and Mmp9 mRNAs were deter-
mined by qRT-PCR. Total RNA was extracted 
from peripheral blood mononuclear cells 
(PBMCs) using the RNAsimple Total RNA Kit 
(Lot DP419, TIANGEN Biotech, China) and 
reverse transcribed into cDNAs using the Re- 
vert Aid First Strand cDNA Synthesis Kit (Lot 
00422877, Thermo Scientific, USA), according 
to the manufacturer’s instructions. Levels of 
the Bmal1, Clock, Per2, Cry1, Rev-erbα, Mmp2 
and Mmp9 mRNAs were quantified using the 
SYBRP® Premix Ex TaqTM II (Lot RR820A, Takara, 
Japan) on an Agilent Strata Gene Mx3005P  
system (Agilent, American); Gapdh expression 
served as a control. Amplification was per-
formed in a 20-µL reaction for 40 cycles of 15 
s at 95°C and 30 s at 60°C after an initial de- 
naturation step (72°C, 30 s). The following 
primer sequences were used: GAPDH for- 
ward: AGGTCCACCACTGACACGTT; GAPDH rever- 
se: GCCTCAAGATCATCAGCAAT; Bmal1 forward: 

GAGCAGCTCTCCTCCTCTGA; Bmal1 reverse: CG- 
TCGTGCTCCAGAACATAA; Clock forward: AGA- 
GCACCTTCCCTCAGTCA; Clock reverse: GCA- 
CGTGTGCTACTGTGGTT; Per2 forward: ACTCA- 
GCGAAGTGTCGGACAC; Per2 reverse: TTCGAT- 
CCTGTGATTCAAGGG; Cry1 forward: AGTTGCT- 
CTCAAGGGAGTGG; Cry1 reverse: GACTAGGAC- 
GTTTCCCACCA; Rev-erbα forward: CTGGGAG- 
GATTTCTCCATGA; Rev-erbα reverse: GCCTTAA- 
GCAGGGTGACTTG; MMP2 forward: ACCTGA- 
AGCTGGAGAACCAA; MMP2 reverse: TATCGA- 
AGGCAGTGGAGAGG; MMP9 forward: CGACGT- 
CTTCCAGTACCGAG; and MMP9 reverse: TTG- 
TATCCGGCAAACTGGCT. Samples were analyzed 
in triplicate. The relative expression levels of 
mRNAs were determined using the 2-ΔΔt 
method.

Blood biochemistry measurements

Levels of total cholesterol (TC), triglycerides 
(TG), high-density lipoprotein cholesterol (HDL-
c), low-density lipoprotein cholesterol (LDL-c), 
fasting plasma glucose (FPG), serum creati-
nine, C-reactive protein (CRP), alanine amino-
transferase (ALT), aspartate transaminase 
(AST), creatine kinase (CK), CKMB, lactate 
dehydrogenase (LDH), and α-hydroxybutyrate 
dehydrogenase (α-HBDH) were measured using 
enzymatic methods in the clinical chemistry 
laboratory of the Central People’s Hospital in 
Yichang. 

Statistical analysis

Data analyses were performed using the SPSS 
statistical software (version 18.0). Data for 
continuous variables are presented as means 
± standard deviations (SD). Group comparisons 
were performed using a one-way ANOVA fol-
lowed by Tukey’s test. Associations were evalu-
ated using Pearson’s correlation coefficient. 
For discrete variables, differences were 
expressed as counts and percentages and 
were analyzed with a χ2 test (or Fisher’s exact 
test). A two-tailed P < 0.05 was considered 
significant.

Results 

Participants’ characteristics

The clinical characteristics of the participants 
included in this study are presented in Table 1. 
Two hundred eighteen participants completed 
the study: 34 participants in the normal control 
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group, 67 participants in the UA group, 89 par-
ticipants in the acute STEMI group and 28 par-
ticipants in the acute NSTEMI group. None of 
the following parameters differed among the 
four groups: age, BMI, smoking, drinking, diabe-
tes mellitus, hyperlipidemia, hypertension, 
serum creatinine, and lipid profiles, including 
LDL-c, TG, and TC levels. Compared to NCs and 
patients with UA, patients with STEMI and 
NSTEMI were more likely to display significantly 
higher FPG, CRP, ALT and AST levels (P < 0.05), 
but the levels of these measures were not sig-
nificantly different between the NCs and the 
patients with UA (P > 0.05) or between the 
patients with STEMI and NSTEMI (P > 0.05). 
Markedly higher levels of myocardial enzymes 
(CK, CKMB, LDH and α-HBDH) were observed 
in the STEMI group than those in the NC, 
NSTEMI and UA groups (P < 0.05). Compared to 
the NC and UA groups, higher levels of myocar-
dial enzymes were detected in the NSTEMI 
group, but the difference was not significant (P 
> 0.05).

Findings from angiography and percutaneous 
coronary interventions

All participants underwent coronary angiogra-
phy. The findings from angiography and percu-
taneous coronary interventions are summa-
rized in Table 2. Compared with the NCs, the 
most severe coronary lesions were observed in 
the patients with STEMI (P < 0.05), followed by 
the patients with NSTEMI (P < 0.05); the lowest 
lesion burden was observed in the patients 
with UA (P < 0.05). Figure 1A is an example of 
normal coronary angiography in NC group 
patients. Figure 1B is an example of abnormal 
coronary angiography in UA group patients. 
Figure 1C is an example of abnormal coronary 
angiography in acute STEMI group patients. 
Figure 1D is an example of abnormal coronary 
angiography in Acute NSTEMI group patients.

Circadian rhythm assessments

All the participants completed the AIS, PSQI, 
IPAQ, and HDC to assess circadian rhythms. As 

Table 1. Clinical characteristics of the four groups
Characteristics NC (n = 34) UA (n = 67) STEMI (n = 89) NSTEMI (n = 28)
Age, mean ± SD years 54.12 ± 14.32 61.12 ± 9.44 60.42 ± 10.31 63.57 ± 11.08
BMI (Kg/m2) 24.25 ± 7.78 24.17 ± 3.02 24.10 ± 2.68 24.38
FPG (mmol/L) 5.21 ± 1.24 5.25 ± 1.50 6.62 ± 2.12a,b 6.77 ± 2.20a,b

Current Smoker, n (%) 11 (32.4) 26 (38.3) 41 (46.1) 10 (35.7)
Current drinker, n (%) 8 (23.5) 19 (28.4) 30 (33.7) 7 (25.0)
Diabetes Mellitus, n (%) 4 (11.8) 11 (16.4) 21 (23.6) 6 (21.4)
Hyperlipidemia, n (%) 5 (14.7) 7 (10.4) 10 (11.2) 3 (10.7)
Hypertension, n (%) 6 (17.6) 10 (14.9) 18 (20.2) 5 (17.9)
CRP (mg/L) 2.91 ± 1.48 5.73 ± 5.05 17.34 ± 13.52a,b 16.62 ± 14.93a,b

ALT (U/L) 25.61 ± 12.27 25.95 ± 19.33 51.20 ± 38.04a,b 30.25 ± 14.65c

AST (U/L) 23.94 ± 6.79 25.68 ± 11.33 210.88 ± 162.87a,b 92.71 ± 86.83a,b,c

SCR (umol/L) 65.22 ± 14.70 71.27 ± 21.74 72.46 ± 25.12 74.63 ± 14.99
TC (mmol/L) 4.47 ± 0.97 4.25 ± 0.79 4.38 ± 1.07 4.29 ± 1.35
TG (mmol/L) 1.68 ± 0.74 1.52 ± 1.11 1.34 ± 0.62 1.47 ± 0.72
HDL (mmol/L) 1.40 ± 0.30 1.36 ± 0.37 1.25 ± 0.28 1.15 ± 0.29a,b

LDL (mmol/L) 2.65 ± 0.79 2.43 ± 0.68 2.65 ± 0.91 2.60 ± 0.81
CK (IU/L) 101.07 ± 55.43 116.00 ± 102.45 1914.50 ± 2212.71a,b 836.00 ± 875.39c

CKMB (IU/L) 14.77 ± 13.02 15.13 ± 9.02 166.51 ± 183.81a,b 80.89 ± 82.47c

LDH (IU/L) 217.97 ± 52.03 231.58 ± 65.57 676.45 ± 469.05a,b 382.04 ± 171.80c

α-HBDH (IU/L) 157.17 ± 30.17 166.93 ± 49.54 585.39 ± 445.09a,b 306.56 ± 157.73c

Data are presented as mean ± SD or number (percentage). NC: normal control group; UA: unstable angina pectoris group; 
STEMI: acute ST segment elevation myocardial infarction group; NSTEMI: acute non-ST segment elevation myocardial infarc-
tion group. SCR: serum creatinine; TC: total cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: 
low density lipoprotein cholesterol; CRP: C-reactive protein; ALT: Alanine aminotransferase; AST: Aspartate transaminase; CK: 
Creatinekinase; CKMB: Creatine kinase-MB; LDH: lactate dehydrogenase; α-HBDH: α-hydroxybutyrate dehydrogenase. a, P < 
0.05 vs. NC. b, P < 0.05 vs. UA. c, P < 0.05 vs. STEMI.
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shown in the results of the sleep quality evalu-
ation presented in Table 3, significantly higher 
AIS scores were recorded for the patients with 
STEMI (9.02 ± 4.27), NSTEMI (8.61 ± 5.03), 
and UA (5.60 ± 4.30) compared to those of the 
NCs (2.24 ± 3.64) (P < 0.05). Similarly, the high-
est PSQI scores were observed for the STEMI 
group (9.85 ± 4.53) followed by the NSTEMI 
(8.82 ± 4.97), UA (7.60 ± 4.55), and NC (4.41 ± 
3.55) groups, respectively (P < 0.05). Regarding 
the results of activity evaluation, the IPAQ 
scores of the NC and UA groups were signifi-
cantly higher than those in the STEMI and 
NSTEMI groups (P < 0.05). However, the differ-
ences between the STEMI and NSTEMI groups 
were not statistically significant (P > 0.05). 
Based on the results of the daily energy intake 

evaluation, notably higher HDS scores were 
recorded for the NCs than for the patients with 
UA, NSTEMI, and STEMI (NC, 39.41 ± 4.68; UA, 
36.51 ± 3.84; NSTEMI, 34.63 ± 4.97; STEMI, 
31.58 ± 3.88; P < 0.05).

Levels of the clock gene mRNAs in PBMCs

The core of the molecular clock is the heterodi-
meric transcription factor heterodimer Clock/
Bmal1. The genes regulating the molecular 
clock include Crys, Pers and Rev-erbs. In this 
study, we measured the levels of the Bmal1, 
Clock, Cry1, Per2, and Rev-erbα mRNAs in 
PBMCs from all participants. As shown in Figure 
2, compared with NCs, the lowest levels of all 
clock gene mRNAs were observed in the 

Table 2. Results of coronary angiography in four groups
NC (n = 34) UA (n = 67) STEMI (n = 89) NSTEMI (n = 28) χ2 P

No vessel disease, n (%) 34 (100.0) 13 (19.4) 2 (2.7) 1 (4.5) 162.58 < 0.001
1 vessel disease, n (%) 30 (43.1) 19 (21.6) 11 (40.9)
2 vessel disease, n (%) 8 (12.5) 29 (32.4) 8 (27.3)
3 vessel disease, n (%) 16 (25.0) 39 (43.3) 8 (27.3)
Data given as n (%), mean ± SD. NC: normal control group; UA: unstable angina pectoris group; STEMI: acute ST segment eleva-
tion myocardial infarction group; NSTEMI: acute non-ST segment elevation myocardial infarction group. 

Figure 1. Examples of results of coronary angiography in four groups of patients. A. No obvious stenosis by the 
coronary arteriography in an NC group patient. B. 80% stenosis in the proximal segment of LAD and 30% stenosis in 
the proximal segment of RCA in a UA group patient. C. 90% stenosis in the mid LAD, 95% stenosis in LCA, and 99% 
stenosis in RCA in an acute STEMI group patient. D. 85% stenosis in the mid of LAD, 90% stenosis in the mid of LCA 
and 80% stenosis in the proximal segment of RCA in an acute NSTEMI group patient.
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patients with STEMI (P < 0.05), followed by the 
patients with NSTEMI (P < 0.05) and finally the 
patients with UA (P < 0.05).

Expression of Mmp mRNAs in PBMCs

In our study, we measured the levels of MMP2 
and MMP9 mRNAs in PBMCs from all partici-
pants. As shown in Figure 3, statistically signifi-
cant differences in MMP2 and MMP9 mRNA 
expression levels were observed among the 
four groups. Significantly increased mRNA lev-
els of MMP2 and MMP9 were detected in the 
STEMI, NSTEMI and UA groups compared with 
those in the NC group (P < 0.05). Patients with 

STEMI and NSTEMI displayed significantly high-
er mRNA levels of MMP2 and MMP9 compared 
to the patients with UA (P < 0.05), but com-
pared with the patients with NSTEMI, the 
expression levels of MMP2 and MMP9 mRNAs 
were higher in the patients with STEMI (P < 
0.05).

Correlation between clock genes and MMPs

As shown in Figure 4, the level of MMP2 mRNA 
showed negative correlation with the levels of 
the Bmal1, Clock, Cry1, Per2 and Rev-erbα 
mRNAs among STEMI, NSTEMI, and UA groups 
(r = -0.7282, P < 0.0001; r = -0.6430, P < 

Table 3. Assessments of circadian rhythm in four groups
NC (n = 34) UA (n = 67) STEMI (n = 89) NSTEMI (n = 28)

Score of AIS 2.24 ± 3.64 5.60 ± 4.30a 9.02 ± 4.27a,b 8.61 ± 5.03a,b

Score of PSQI 4.41 ± 3.55 7.60 ± 4.55a 9.85 ± 4.53a,b 8.82 ± 4.97a,b

Score of IPAQ 4018.19 ± 2046.80 3335.50 ± 2005.76 1912.55 ± 1769.62a,b 2096.67 ± 1751.25a,b

Healthy diet score 39.41 ± 4.68 36.51 ± 3.84a 31.58 ± 3.88a,b 34.63 ± 4.97a,b,c

Data are presented as mean ± SD. AIS: Athens Insomnia Scale; PSQI: Pittsburgh sleep quality index; IPAQ: International physi-
cal activity questionnaire. NC: normal control group; UA: unstable angina pectoris group; STEMI: acute ST segment elevation 
myocardial infarction group; NSTEMI: acute non-ST segment elevation myocardial infarction group. a, P < 0.05 vs. NC. b, P < 
0.05 vs. UA. c, P < 0.05 vs. STEMI.

Figure 2. The expressions of Bmal1, Clock, Cry1, Per2 and Rev-erbα mRNA in PBMC were identified by real-time 
PCR. NC: normal control group; UA: unstable angina pectoris group; STEMI: acute ST segment elevation myocardial 
infarction group; NSTEMI: acute non-ST segment elevation myocardial infarction group. A. The relative expression 
of Bmal1 mRNA in four groups; B. The relative expression of Clock mRNA in four groups; C. The relative expression 
of Cry1 mRNA in four groups; D. The relative expression of Per2 mRNA in four groups; E. The relative expression of 
Rev-erbα mRNA in four groups. Data are shown as mean ± SEM. *P < 0.05 vs. NC. #P < 0.05 vs. UA. ΔP < 0.05 vs. 
STEMI.
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0.0001; r = -0.6607, P < 0.0001; r = -0.6379, P 
< 0.0001; r = -0.5090, P < 0.0001; respective-
ly). Consistently, as shown in Figure 5, the level 
of MMP9 mRNA showed negative correlation 
with the levels of the Bmal1, Clock, Cry1, Per2, 

and Rev-erbα mRNAs among STEMI, NSTEMI 
and UA groups (r = -0.7507, P < 0.0001; r = 
-0.6732, P < 0.0001; r = -0.6640, P < 0.0001; 
r = -0.6972, P < 0.0001; r = -0.7166, P < 
0.0001; respectively).

Figure 3. The expressions of MMP2 and MMP9 mRNA in PBMC were identified by real-time PCR. NC: normal control 
group; UA: unstable angina pectoris group; STEMI: acute ST segment elevation myocardial infarction group; NSTEMI: 
acute non-ST segment elevation myocardial infarction group. The expressions of MMP2 and MMP9 mRNA in PBMC 
were identified by real-time PCR. A. The relative expression of MMP2 mRNA in four groups; B. The relative expression 
of MMP9 mRNA in four groups. Data are shown as mean ± SEM. *P < 0.05 vs. NC. #P < 0.05 vs. UA. ΔP < 0.05 vs. 
STEMI.

Figure 4. The correlations between the expressions of clock genes and the expression of MMP2. A. The correlation 
between the expression of Bmal1 and the expression of MMP2. B. The correlation between the expression of Clock 
and the expression of MMP2. C. The correlation between the expression of Cry1 and the expression of MMP2. D. 
The correlation between the expression of Per2 and the expression of MMP2. E. The correlation between the ex-
pression of Rev-erbα and the expression of MMP2. Pearson’s correlation coefficient (normal distributed data) was 
used to assess interrelationships; P < 0.01 is considered statistically significant. (r, correlation coefficient; P values 
are shown).
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Discussion

To the best of our knowledge, this study is the 
first to investigate the relationship between 
abnormal circadian rhythms and ACS, including 
UA, STEMI and NSTEMI. Our data indicated that 
abnormal circadian rhythms could promote the 
occurrence of ACS. In addition, patients with 
ACS exhibited significantly decreased levels of 
Bmal1, Clock, Cry1, Per2 and Rev-erbα mRNAs 
in PBMCs. Furthermore, patients with ACS also 
showed notably increased levels of MMP2 and 
MMP9 mRNAs compared to NCs. Therefore, 
the levels of clock genes were negatively cor-
related with the severity of coronary artery 
lesions. In contrast, the levels of MMP mRNAs 
were positively correlated with the severity of 
plaque instability. Based on these results, the 
expression levels of Bmal1, Clock, Cry1, Per2 
and Rev-erbα may diminish the process of ath-
erosclerosis and correlate with the severity of 
atherosclerosis. More importantly, the levels of 
MMP mRNAs negatively correlated with the lev-
els of clock genes mRNAs. These results sug-
gest that the clock genes may diminish the 
plaque instability of plaque by disturbing the 

levels of MMPs. These findings may contribute 
to improving our understanding of and ability to 
monitor ACS, simultaneously suggesting possi-
ble therapeutic methods to prevent the occur-
rence of ACS. 

Circadian rhythms are present in most cells of 
the body and play important roles in biological 
processes. Disrupted circadian rhythms can 
lead to the development of cardiovascular dis-
eases [4, 12], tumors [13], immune system dis-
eases [14] and hematological diseases [15], 
among other conditions. ACS is mainly caused 
by abluminal remodeling, plaque erosion or 
thrombus formation upon rupture. Dyssomnia, 
changes in physical activity and disordered 
dietary habits can disrupt normal circadian 
rhythms and the expression levels of clock 
genes. Knutsson et al. found that insomniacs 
and shift workers had a higher risk of acute 
myocardial infarction [16]. In addition, disrupt-
ed circadian rhythms were a novel risk factor 
for insulin resistance and Type 2 diabetes [17, 
18] and increased the levels of circulating 
inflammatory cytokine [19, 20]. Based on our 
clinical data, we found that the incidence of 

Figure 5. The correlations between the expressions of clock genes and the expression of MMP9. A. The correlation 
between the expression of Bmal1 and the expression of MMP9. B. The correlation between the expression of Clock 
and the expression of MMP9. C. The correlation between the expression of Cry1 and the expression of MMP9. D. 
The correlation between the expression of Per2 and the expression of MMP9. E. The correlation between the ex-
pression of Rev-erbα and the expression of MMP9. Pearson’s correlation coefficient (normal distributed data) was 
used to assess interrelationships; P < 0.01 is considered statistically significant. (r, correlation coefficient; P values 
are shown).
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ACS was increased among individuals exhibit-
ing dyssomnia, changes in physical activity and 
disordered dietary habits. In addition, we found 
that the levels of FPG and CRP were higher in 
ACS patients. Therefore, we suspected that the 
circadian rhythm could affect the occurrence of 
ACS by regulating glucose metabolism and 
inflammatory responses. The severity of these 
conditions was positively correlated with the 
severity of coronary artery lesions.  

The core genes Bmal1 and Clock play major 
roles in maintaining the homeostasis of circa-
dian rhythms. In our study, markedly decreased 
levels of Bmal1 and Clock mRNAs were 
observed in the patients with UA, NSTEMI and 
STEMI. Pan et al. [4] found that in animal experi-
ments, compared with Apoe-/- mice, Bmal1-/-

Apoe-/- mice show increased hyperlipidemia 
and atherosclerosis, but Bmal1 overexpression 
in Bmal1-/-Apoe-/- mice reduces hyperlipidemia 
and atherosclerosis. According to a study by 
Pan et al. [21], Ldlr-/-Apoe-/- mice with a global 
Clock mutation develop more lesions in the 
aortic arches and aortic roots. Moreover, down-
regulated expression of Bmal1 or Clock not  
only induces hyperglycemia, hypertriglyceride-
mia and hypercholesterolemia [22-24] but also 
increases the expression of inflammatory cyto-
kines [25]. Bmal1 knockout endothelial cells 
exhibit reduced nitric oxide production and 
increased superoxide levels [8, 26]. Fur- 
thermore, based on the results of the present 
study, high expression levels of Cry1, Per2 and 
Rev-Erbα protected individuals from develo- 
ping ACS. Previous peer studies have reported 
that Cry1 overexpression in a mouse model of 
atherosclerosis significantly decreases the 
expression of proinflammatory factors and the 
concentrations of LDL-c [27]. Furthermore, 
Cry1 overexpression ameliorates the develop-
ment of atherosclerosis by regulating the TLR/
NF-κB pathway [27]. Similarly, Per2-/- mice dis-
play aortic endothelial dysfunction involving 
reduced nitric oxide production and increased 
levels of cyclooxygenase-1-derived vasocon-
strictors [28]. However, in those mice, the dif-
ference in Per2 expression did not affect meta-
bolic risk factors [28]. Rev-erbα silencing has 
been shown to elevate plasma lipid levels [29]. 
Furthermore, Rev-erbα overexpression inhibits 
the expression of inflammatory factors [30]. In 
summary, abnormal circadian rhythms can 
affect the occurrence of ACS by changing the 

expression levels of clock genes. Although the 
underlying mechanism remains unclear, we 
presume that the clock genes may reduce the 
incidence of ACS by maintaining normal vascu-
lar endothelial function, limiting the inflamma-
tory response, and decreasing plasma lipid  
levels. These conclusions warrant further inves-
tigation in the future.

MMPs, which are highly concentrated in foam 
cell-rich regions, participate in the creation of 
plaques and remodeling of the vascular wall. 
MMPs play important roles in the develop- 
ment of atherosclerosis. Previous studies have 
shown that elevated MMP concentrations may 
contribute to plaque rupture [31]. Furthermore, 
enhanced MMP activity leads to activation of 
the pro-inflammatory factor IL-1β [32]. One 
important finding in the present study was that 
the increased levels of MMP2 and MMP9 
mRNAs observed in patients with ACS correlat-
ed with the severity of plaque instability. 
Interestingly, increased expression levels of 
clock genes in macrophages downregulate 
MMP levels [33]. In our study, we found that the 
levels of MMP2 and MMP9 mRNAs negatively 
correlated with the levels of Bmal1, Clock, Cry1, 
Per2, and Rev-Erbα mRNAs. Moreover, com-
pared to other clock genes, the levels of Bmal1 
had the highest correlation. Therefore, we sus-
pected that clock genes could increase the sta-
bility of atherosclerotic plaques by reducing the 
expression levels of MMPs. However, the mech-
anism by which clock genes affect MMPs 
expressions in patients with ACS remains 
unclear and warrants further investigation.

In conclusion, abnormal circadian rhythms and 
clock genes contributed to the development of 
ACS, and the expression levels of clock genes 
were negatively correlated with the severity of 
coronary artery lesions. Meanwhile, the expres-
sion levels of MMPs were higher in the patients 
with ACS. Moreover, the levels of MMP mRNAs 
negatively correlated with the levels of clock 
genes mRNAs. Therefore, we hypothesized that 
abnormal circadian rhythms and clock genes 
can increase the instability of atherosclerotic 
plaques by disturbing the levels of MMPs. Our 
findings can be regarded as preliminary due to 
a rather small sample and need replication in a 
large cohort of ACS patients. It must be noted, 
though, that because the patients with ACS 
had all been treated with various psychophar-



Circadian rhythms and plaque instability

3770	 Int J Clin Exp Pathol 2019;12(10):3761-3771

macological drugs during a number of years, we 
cannot exclude that the here observed altera-
tions are due to long term epigenetic drug 
effects on the levels of glucose and lipid in the 
ACS patients. Because of the limitation of con-
ditions, we could not collect blood samples at 
different time intervals to observe changes of 
the expressions of circadian rhythm genes. 
There are some limitations such as the mecha-
nism by which clock genes moderated glucose 
metabolism and inflammatory responses and 
MMPs. Unfortunately, the results do not explain 
the mechanism underlying the relationships 
between circadian rhythms and clock genes 
and the stability of atherosclerotic plaques in 
patients with ACS. We will continue to investi-
gate this mechanism in subsequent experi-
ments. Furthermore, the regulation of circadian 
rhythms and clock genes may be targets for 
therapeutic intervention in patients with ACS. 
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Table S1
ATHENS INSOMNIA SCALE

This scale is intended to record your own assessment of any sleep difficulty you might have experi-
enced. Please, check (by circling the appropriate number) the items below to indicate your estimate of 
any difficulty, provided that it occurred at least three times per week during the last month.

1. SLEEP INDUCTION (time it takes you to fall asleep after turning-off the lights)

        0                            1                              2                                          3
  No problem     Slightly delayed       Markedly delayed        Very delayed or did not sleep at all

2. AWAKENINGS DURING THE NIGHT

        0                            1                              2                                          3
  No problem     Minor problem       Considerable problem      Serious problem or did not sleep at all

3. FINAL AWAKENING EARLIER THAN DESIRED

        0                            1                              2                                          3
  Not earlier          A little earlier           Markedly earlier       Much earlier or did not sleep at all 

4. TOTAL SLEEP DURATION

        0                            1                              2                                          3
  Sufficient       Slightly insufficient     Markedly insufficient     Very insufficient or did not sleep at all

5. OVERALL QUALITY OF SLEEP (no matter how long you slept)

        0                            1                              2                                          3
 Satisfactory  Slightly unsatisfactory  Markedly unsatisfactory  Very unsatisfactory or did not sleep at all

6. SENSE OF WELL-BEING DURING THE DAY

        0                            1                              2                                          3
     Normal       Slightly decreased       Markedly decreased       Very decreased

7. FUNCTIONING (PHYSICAL AND MENTAL) DURING THE DAY

        0                            1                              2                                          3
    Normal       Slightly decreased       Markedly decreased         Very decreased

8. SLEEPINESS DURING THE DAY

        0                            1                              2                                          3
     None                       Mild                   Considerable                          Intense
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Table S2

Name:______________________                                       Date: ________________

Pittsburgh Sleep Quality Index (PSQI)

Instructions: The following questions relate to your usual sleep habits during the past month only. Your 
answers should indicate the most accurate reply for the majority of days and nights in the past month. 
Please answer all questions.

1. During the past month, what time have you usually gone to bed at night?  ___________________

2. During the past month, how long (in minutes) has it usually taken you to fall asleep each night? 
_______________

3. During the past month, what time have you usually gotten up in the morning?  _________________

4. During the past month, how many hours of actual sleep did you get at night? (This may be different 
than the number of hours you spent in bed.)  _________________

Not during the 
past month

Less than once 
a week

Once or twice a 
week

Three or more 
times a week

5. During the past month, how of-
ten have you had trouble sleeping 
because you…
    a. Cannot get to sleep within 30 
minutes
    b. Wake up in the middle of the 
night or early morning
    c. Have to get up to use the 
bathroom
    d. Cannot breathe comfortably
    e. Cough or snore loudly
    f. Feel too cold
    g. Feel too hot
    h. Have bad dreams
    i. Have pain
    j. Other reason(s), please 
describe:
6. During the past month, how 
often have you taken medicine 
to help you sleep (prescribed or 
“over the counter”)?
7. During the past month, how 
often have you had trouble staying 
awake while driving, eating meals, 
or engaging in social activity?

No problem 
at all

Only a very 
slight problem

Somewhat of a 
problem

A very big 
problem

8. During the past month, how 
much of a problem has it been for 
you to keep up enough enthusi-
asm to get things done?
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Very good Fairly good Fairly bad Very bad
9. During the past month, how 
would you rate your sleep quality 
overall?

No bed part-
ner or room 

mate

Partner/room 
mate in other 

room

Partner in 
same room but 
not same bed

Partner in 
same bed

10. Do you have a bed partner or 
room mate?

Not during the 
past month

Less than once 
a week

Once or twice a 
week

Three or more 
times a week

If you have a room mate or bed 
partner, ask him/her how often in 
the past month you have had:
    a. Loud snoring
    b. Long pauses between 
breaths while asleep
    c. Legs twitching or jerking 
while you sleep
    d. Episodes of disorientation or 
confusion during sleep
    e. Other restlessness while you 
sleep, please describe:

Scoring the PSQI

The order of the PSQI items has been modified from the original order in order to fit the first 9 items 
(which are the only items that contribute to the total score) on a single page. Item 10, which is the 
second page of the scale, does not contribute to the PSQI score.

In scoring the PSQI, seven component scores are derived, each scored 0 (no difficulty) to 3 (severe 
difficulty). The component scores are summed to produce a global score (range 0 to 21). Higher scores 
indicate worse sleep quality.

Component 1: Subjective sleep quality-question 9
                     Response to Q9            Component 1 score
                     Very good                                           0
                     Fairly good                                         1
                     Fairly bad                                           2
                     Very bad                                             3
                                                                                                                              Component 1 score:_____
Component 2: Sleep latency-questions 2 and 5a
                     Response to Q2            Component 2/Q2 subscore
                     < 15 minutes                                     0
                     16-30 minutes                                   1
                     31-60 minutes                                   2
                     > 60 minutes                                     3
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                     Response to Q5a          Component 2/Q5a subscore
                     Not during past month                      0
                     Less than once a week                     1
                     Once or twice a week                        2
                     Three or more times a week             3

                     Sum of Q2 and Q5a subscores       Component 2 score
                     0                                                         0
                     1-2                                                      1
                     3-4                                                      2
                     5-6                                                      3
                                                                                                                              Component 2 score:_____
Component 3: Sleep duration-question 4
                     Response to Q4                                Component 3 score
                     > 7 hours                                            0
                     6-7 hours                                            1
                     5-6 hours                                            2
                     < 5 hours                                            3
                                                                                                                              Component 3 score:_____
Component 4: Sleep efficiency-questions 1, 3, and 4
                               Sleep efficiency = (# hours slept/# hours in bed) × 100%
                                        # hours slept-question 4
                                        # hours in bed-calculated from responses to questions 1 and 3
                     Sleep efficiency                                Component 4 score
                     > 85%                                                  0
                     75-84%                                                1
                     65-74%                                                2
                     < 65%                                                  3
                                                                                                                              Component 4 score:_____ 
Component 5: Sleep disturbance-questions 5b-5j
                     Questions 5b to 5j should be scored as follows:
                     Not during past month                       0
                     Less than once a week                      1
                     Once or twice a week                         2
                     Three or more times a week              3

                     Sum of 5b to 5j scores                    Component 5 score
                     0                                                           0
                     1-9                                                       1
                     10-18                                                   2
                     19-27                                                   3
                                                                                                                              Component 5 score:_____
Component 6: Use of sleep medication-question 6
                     Response to Q6                                Component 6 score
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                     Not during past month                        0
                     Less than once a week                       1
                     Once or twice a week                          2
                     Three or more times a week               3
                                                                                                                              Component 6 score:_____
Component 7: Daytime dysfunction-questions 7 and 8
                     Response to Q7                             Component 7/Q7 subscore
                     Not during past month                                      0
                     Less than once a week                                     1
                     Once or twice a week                                        2
                     Three or more times a week                             3

                     Response to Q8                             Component 7/Q8 subscore
                     No problem at all                                               0
                     Only a very slight problem                                 1
                     Somewhat of a problem                                    2
                     A very big problem                                             3

                     Sum of Q7 and Q8 subscores       Component 7 score
                     0                                                                          0
                     1-2                                                                       1
                     3-4                                                                       2
                     5-6                                                                       3
                                                                                                                              Component 7 score:_____
Global PSQI Score: Sum of seven component scores:___________
Copyright notice:   The Pittsburgh Sleep Quality Index (PSQI) is copyrighted by Daniel J. Buysse, M.D.   
Permission has been granted to reproduce the scale on this website for clinicians to use in their prac-
tice and for researchers to use in non-industry studies.   For other uses of the scale, the owner of the 
copyright should be contacted.
Citation: Buysse, DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ: The Pittsburgh Sleep Quality Index 
(PSQI): A new instrument for psychiatric research and practice. Psychiatry Research 28:193-213, 
1989.

Table S3

INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE (August 2002)

We are interested in finding out about the kinds of physical activities that people do as part of their 
everyday lives. The questions will ask you about the time you spent being physically active in the last 7 
days. Please answer each question even if you do not consider yourself to be an active person. Please 
think about the activities you do at work, as part of your house and yard work, to get from place to 
place, and in your spare time for recreation, exercise or sport.

Think about all the vigorous activities that you did in the last 7 days. Vigorous physical activities refer 
to activities that take hard physical effort and make you breathe much harder than normal. Think only 
about those physical activities that you did for at least 10 minutes at a time.
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1. During the last 7 days, on how many days did you do vigorous physical activities like heavy lifting, 
digging, aerobics, or fast bicycling?

       _____ days per week

              No vigorous physical activities                              Skip to question 3

2. How much time did you usually spend doing vigorous physical activities on one of those days?

       _____ hours per day

       _____ minutes per day

              Don’t know/Not sure

Think about all the moderate activities that you did in the last 7 days. Moderate activities refer to ac-
tivities that take moderate physical effort and make you breathe somewhat harder than normal. Think 
only about those physical activities that you did for at least 10 minutes at a time.

3. During the last 7 days, on how many days did you do moderate physical activities like carrying light 
loads, bicycling at a regular pace, or doubles tennis? Do not include walking.

       _____ days per week

              No vigorous physical activities                              Skip to question 5

4. How much time did you usually spend doing moderate physical activities on one of those days?

       _____ hours per day

       _____ minutes per day

              Don’t know/Not sure

Think about the time you spent walking in the last 7 days. This includes at work and at home, walk-
ing to travel from place to place, and any other walking that you might do solely for recreation, sport, 
exercise, or leisure.

5. During the last 7 days, on how many days did you walk for at least 10 minutes at a time?

       _____ days per week

              No walking                                                              Skip to question 7

6. How much time did you usually spend walking on one of those days?

       _____ hours per day

       _____ minutes per day

              Don’t know/Not sure
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Table S4. Healthy Diet Score (HDS)

How often do you consume
Frequency of consumption (servings/month) 

Never 1-4 5-8 9-12 13-18 > 18
Non-refined cereals (whole grain bread, pasta, rice, etc.) 0 1 2 3 4 5
Potatoes 0 1 2 3 4 5
Fruits 0 1 2 3 4 5
Vegetables 0 1 2 3 4 5
Legumes 0 1 2 3 4 5
Fish 0 1 2 3 4 5
Red meat and products 5 4 3 2 1 0
Poultry 5 4 3 2 1 0
Full fat dairy products (cheese, yoghurt, and milk) 5 4 3 2 1 0
Use of vegetable oil in cooking (times/week) Never Rare < 1 1-3 3-5 Daily

0 1 2 3 4 5
Alcoholic beverages (ml/day, 100 ml = 12 g ethanol) < 300 300 400 500 600 > 700 or 0

5 4 3 2 1 0

The last question is about the time you spent sitting on weekdays during the last 7 days. Include time 
spent at work, at home, while doing course work and during leisure time. This may include time spent 
sitting at a desk, visiting friends, reading, or sitting or lying down to watch television.

7. During the last 7 days, how much time did you spend sitting on a week day?

       _____ hours per day

       _____ minutes per day

              Don’t know/Not sure

This is the end of the questionnaire, thank you for participating.

In the IPAQ, 3.3 METs correspond to 1 minute of walking, 4.0 METs correspond to 1 minute of moder-
ate activities and 8.0 METs correspond to 1 minute of vigorous activities. 


