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Bennardo M, Alibhai F, Tsimakouridze E, Chinnappareddy N,
Podobed P, Reitz C, Pyle WG, Simpson J, Martino TA. Day-night
dependence of gene expression and inflammatory responses in the
remodeling murine heart post-myocardial infarction. Am J Physiol
Regul Integr Comp Physiol 311: R1243–R1254, 2016. First published
October 12, 2016; doi:10.1152/ajpregu.00200.2016.—Diurnal or cir-
cadian rhythms are fundamentally important for healthy cardiovascu-
lar physiology and play a role in timing of onset and tolerance to
myocardial infarction (MI) in patients. Whether time of day of MI
triggers different molecular and cellular responses that can influence
myocardial remodeling is not known. This study was designed to test
whether time of day of MI triggers different gene expression, hu-
moral, and innate inflammatory responses that contribute to cardiac
repair after MI. Mice were infarcted by left anterior descending
coronary artery ligation (MI model) within a 2-h time window either
shortly after lights on or lights off, and the early remodeling responses
at 8 h postinfarction were examined. We found that sleep-MI prefer-
entially triggers early expression of genes associated with inflamma-
tory responses, whereas wake-MI triggers more genes associated with
metabolic pathways and transcription/translation, by microarray anal-
yses. Homozygous clock mutant mice exhibit altered diurnal gene
expression profiles, consistent with their cycling before onset of MI.
In the first 8 h, crucial for innate immune responses to MI, there are
also significant differences in sleep-MI and wake-MI serum cytokine
responses and in neutrophil infiltration to infarcted myocardium. By
1-wk post-MI, there are differences in survivorship between the sleep
and wake MI mice that could be explained by the different molecular
and cellular responses. Our whole body physiology, tissues, and cells
exhibit endogenous daily rhythms, and understanding their role in
triggering effective responses after MI could lead to new strategies to
benefit patients with cardiovascular disease.
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IT IS WELL RECOGNIZED that timing of onset of myocardial
infarction (MI, heart attack) exhibits a diurnal rhythm, with
increased incidence of patients presenting early in the morning
compared with any other time of day or night (45, 69). There
is also diurnal variation in severity of ST segment elevation
myocardial infarction (STEMI), with the largest infarcts gen-
erally occurring during sleep or in the early morning hours (54,
62). Moreover, patients with nocturnal infarcts are more likely
to develop heart failure (44). However, in the 3 decades since
these initial observations and despite changes in lifestyle and
therapies, MI leading to heart failure remains a leading cause
of death worldwide (23, 27, 36). Understanding the molecular
and cellular responses triggered by sleep-time or wake-time MI

can provide new targets and strategies for the treatment of heart
disease.

Diurnal or circadian rhythms are fundamentally important
for healthy cardiovascular physiology, e.g., daily variation in
heart rate (11, 57), blood pressure (16, 43), sympathovagal
balance and the neurohormonal milieu (19, 39, 42), as well as
cardiovascular gene expression (10, 38, 61, 64), and protein
abundance (41, 52). Circadian rhythms also play a direct role
in the timing of onset (25), tolerance (13), and protection (56)
to MIs. However, the early molecular and cellular responses of
sleep-MI and wake-MI have not been reported. Infarction leads
to a loss of primary myocytes and triggers a complex remod-
eling cascade with gene activation and innate immune cell
infiltration into the infarcted region (2, 18, 50). Whether time
of day of MI triggers different molecular and cellular responses
that can influence myocardial repair and remodeling is largely
unknown.

To investigate whether timing of onset of MI can play a role,
we used a well-established murine coronary artery ligation
model (2, 63) and infarcted hearts at sleep time versus wake
time to simulate the day/night dependence for triggering early
gene expression and inflammatory responses in the remodeling
heart. Left anterior descending coronary artery ligation in mice
was performed in a 2-h time window, either shortly after lights
on (sleep-MI zeitgeber time ZT01–ZT03) or lights off (wake-
MI, ZT13–ZT15). After MI, the mice were monitored and
maintained on their normal light-dark cycle for 8 h to allow the
early remodeling responses to become established. We dem-
onstrate that time of day of MI onset triggers different early
gene expression patterns including those under circadian con-
trol, as well as differing innate humoral and cellular responses
that set the stage for cardiac remodeling after MI.

METHODS

Animals. All animal work was conducted according to the guide-
lines of the Canadian Council on Animal Care and approved by the
Animal Care Committee at the University of Guelph. All animals
were housed at the University of Guelph on a normal diurnal 12-h:
12-h light-dark environment, unless otherwise noted. To investigate
whether MI at sleep time or wake time triggers differing pathophys-
iological responses, 8-wk-old male C57Bl/6 mice (Charles River,
Quebec, Canada) were used. In a substudy we used 8-wk-old female
C57BL/6 mice (Charles River) to determine whether sex influences
survivorship after MI. To investigate whether the circadian mecha-
nism plays a role in the molecular time-of-day response to MI, male
Clock�19/�19 mice (homozygous for the CLOCK point mutation) were
used (65). We crossed male homozygous Clock�19/�19 mice with
female heterozygote Clock�/19 mice (isogenic C57Bl/6 background)
to yield male Clock�19/�19 progeny. Mice were genotyped as previ-
ously described (2, 52, 53).
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Left anterior descending coronary artery ligation. Mice were
subjected to left anterior descending coronary artery ligation
(LAD) (myocardial infarction, MI model), as previously described
(2). Briefly, mice were anesthetized with isofluorane, intubated
(22-gauge BD Angiocath), and ventilated (stroke volume, 275 �l at
140 strokes/min; Harvard Apparatus model 687; St. Laurent, Que-
bec, Canada) throughout the procedure. A local anesthetic 50:50
mix of lidocaine (3 mg/kg) and bupivicaine (1.5 mg/kg) was
administered subcutaneously before incision at the 3rd intercostal
space on the left side. The LAD was visualized and a prolene 7-0
suture (Ethicon) was passed under the LAD at 1mm below the edge
of the left auricle, and the artery ligated. Sham-operated animals
underwent the same procedure but without ligation of the LAD.
Mice were administered postoperative analgesic buprenorphine
(0.1 mg/kg) upon awakening and at 8 and 24 h postoperatively.

To investigate time-of-day effects on responses post-MI, surgeries
were done either during the murine sleep time or murine wake time.
To control for circadian effects on infarct size, all surgeries were done
in a very short window of time, between ZT01 and ZT03 for
sleep-time MI and between ZT13 and ZT15 for wake-time MI.
Moreover, to prevent the confounding effects of light for the wake-
time MI animals, the mice were maintained under circadian (dim red
light) conditions during surgery. These wake-MI mice were housed on
their normal dark cycle, then anesthetized under dim red light, and
custom-made blindfolds consisting of nonwoven gauze with black
electrical tape were gently secured and eyes protected using tear gel
(Novartis). The lights were on during surgery; however, the blindfold
remained on the animal throughout the surgery. After surgery, the
room was returned to dim red light, blindfolds were removed, and the
wake-MI mice were monitored as per standard operating procedures.
Molecular clock gene expression studies (described below) helped
confirm that the animals were not exposed to light during surgery.
Mice were housed for up to 7 days post-MI to evaluate survivorship.
Autopsy was performed on animals that died in the first 7 days. We
performed a thoracotomy for each mouse that died and investigated
whether there was blood around the heart and perforation of the
infarcted wall to indicate the presence of cardiac rupture death.

Quantification of infarct size. To determine whether a similar
infarct size was produced in each group of mice at 1 day post-MI and
between groups (sleep-MI vs. wake-MI), mice were anesthetized at 24
h post-MI and hearts collected and analyzed using our previously
published approach (2). Briefly, to assess the area at risk (AAR), a 5%
phthalocyanine blue solution was perfused through the inferior vena
cava and the heart sliced at 1-mm sections using a heart matrix (Zivic
Instruments) and photographed. To assess the infarcted area (IN),
slices were incubated in 1% 2,3,5-triphenyltetrazolium chloride
(TTC) solution for 10 min, transferred to 10% neutral-buffered for-
malin for 90 min, and photographed. The AAR and IN values were
calculated using the fformula, weight (total AAR) � [weight (slice
1) � %AAR (slice 1)] � [weight (slice 2) � %AAR (slice 2)] �
[weight (slice n) � %AAR (slice n)], and graphed as a percentage of
the left ventricle (LV). Absolute IN was also calculated as a ratio of
total weight (total infarct area)/weight (total AAR).

Comprehensive laboratory animal monitoring system. To demon-
strate the rhythmic diurnal physiology of the mice over the 24-h daily
cycle, we used the comprehensive laboratory animal monitoring
system (CLAMS). C57Bl/6 mice were individually placed in the
CLAMS and acclimatized for 48 h under normal light-dark cycles;
then, noninvasive measurements were taken every 15 min for a 24-h
period to determine diurnal body metabolism, physical activity, food
intake, and energy expenditure. Total sleep and wake phase values
were determined by averaging the 12-h period of the light-dark
phases, respectively.

RNA isolation and microarray. We used microarrays to investigate
how time of day of infarction influenced early gene expression
response in the heart (at 8 h post-MI). To do this, mice were
anesthetized with isoflurane and euthanized by cervical dislocation,

hearts were collected, and the left ventricle (LV) was isolated. The LV
mRNA was prepared using TRIzol (Invitrogen) and assessed for high
quality (18s:28S RNA � 2.0) using a Nanodrop ND1000 (Thermo
Scientific) and the Agilent 2100 Bioanalyzer (Agilent Technology), as
previously described (38, 40, 64). Gene expression analyses were
performed on 12 individual murine heart samples (n � 3 sleep-MI;
n � 3 sleep-sham; n � 3 wake-MI; and n � 3 wake-sham) using the
MOE430A GeneChips (Affymetrix, Santa Clara, CA). The Af-
fymetrix MOE430A GeneChip microarrays covered 22,690 murine
transcripts (UniGene database build 107, 2002). Hybridization and
scanning were performed according to the manufacturers’ specifica-
tions. The microarray data were analyzed using GeneSpring GX v11.5
(Agilent Technologies). Data were normalized from raw fluorescence
values using the robust multiarray algorithm, and significant differ-
ences were determined for genes with a �1.4-fold change in expres-
sion levels. All microarray data were deposited in the Gene Expres-
sion Omnibus database (GSE71906). To investigate and confirm that
the core circadian mechanism clock genes Per2 and Bmal1 main-
tained their expected diurnal expression levels even after MI surgery
(or sham) and that these were as anticipated based on the daily cycling
patterns of the genes in question, we also compared these new data
with some previous microarray expression values that we had from
normal mouse hearts, using data from an earlier study, as described in
Martino et al. (40).

Quantitative real-time PCR. First, to validate the microarray results
for genes of interest, quantitative real-time PCR (qRT-PCR) was
performed using an independent set of mice. Briefly, animals were
infarcted and euthanized at 8 h after surgery, under the same condi-
tions as those used for generating the microarray data. Hearts were
collected, mRNA was prepared using TRIzol, and qRT-PCR was
performed using the Power SYBR-Green RNA-to-Ct one step PCR kit
(Life Technologies) on a VIIA7 RT-PCR system (Life Technologies).
The following qRT-PCR protocol was used: reverse transcription
(48°C, 30 min; 95°C, 10 min) � 1 cycle, amplification (95°C, 15 s;
60°C, 1 min) � 40 cycles, and then hold at room temperature. Second,
to examine the 24-h rhythmic gene expression profiles of genes of
interest, an additional independent set of mice was used. For this,
8-wk-old Clock�19/�19 and wild-types (WTs; n � 3/time point) were
euthanized starting at ZT03, and hearts were collected at 4-h incre-
ments for 24 h, and mRNA isolation and qRT-PCR were performed as
described above. Finally, to assess collagen gene expression at 7 days
after MI, another set of mice was used for these qRT-PCR experi-
ments: primers, Collagen typeV alpha3 (Col5a3) forward 5=-tgttg-
gctcgttaggtca-3= and reverse 5=-ccacgaggaccaagagatc-3=; Collagen
typeI alpha1 (Col1a1) forward 5=-cacgtctggtttggagag-3= and reverse
5=-tgataggtgatgttctgggag-3=; Collagen typeIII alpha1 (Col3a1) for-
ward 5=-cctaaaattctgccaccc-3= and reverse 5=-gcatgtttccccagtttcc-3=;
Cyclin-dependent kinase inhibitor 1A (Cdkn1a) forward 5=-tgcactctg-
gtgtctgag-3= and reverse 5=-gcacctcagggttttctcttg-3=; E3 ubiquitin-
protein ligase (Siah1a) forward 5=-gcttcctgtaagtggcaag-3= and reverse
5=-ggtaatggacttgtgctgatg-3=; Heat shock 70 kDa protein 1A (Hspa1a)
forward 5=-accatcaccaacgacaag-3=and reverse 5=-gttgaaggcataggattc-
gag-3=; Pleckstrin homology-like domain, family A, member 1
(Phlda1) forward 5=-cctcacccgtaccaaata-3= and reverse 5=-ccgaagtcct-
caaaaccttg-3; Heat shock 70 kDa Protein 1B (Hspa1b) forward 5=-
accatcaccaacgacaag-3= and reverse 5=-catgttgaaggcataggactc-3=;
Chemokine (C-C Motif) ligand 7 (Ccl7) forward 5=-tctctcactctctttctc-
cac-3= and reverse 5=-ggatcttttgtttcttgacatagc-3=; Period2 (Per2) for-
ward 5=-tcatcattgggaggcacaaa-3= and reverse 5=-gcatcagtagccggtggatt-
3=; and Histone forward 5=-gcaagagtgcgccctctactg-3= and reverse
5=-ggcctcacttgcctcctgcaa-3=. qRT-PCR gene expression was analyzed
using the ��CT method with all values normalized to Histone.

Blood collection and measurement of cytokines and troponin I. To
investigate the effects of time of day of MI on subsequent serum
cytokine responses, mice were anesthetized with isoflurane at 8 h
postsurgery. Blood (1 ml) was collected by LV cardiac puncture,
centrifuged at 1,500 g for 10 min, aliquoted, and stored at �80°C until

R1244 DAY/NIGHT MOLECULAR AND CELLULAR RESPONSES IN THE INFARCTED HEART

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00200.2016 • www.ajpregu.org

 by 10.220.33.2 on January 13, 2017
http://ajpregu.physiology.org/

D
ow

nloaded from
 

http://ajpregu.physiology.org/


use. The cytokines IL-2, IL-4, IL-6, IL-10, IL-17A, and tumor
necrosis factor (TNF) were quantified using the Mouse Th1/Th2/Th17
Cytometric Bead Array (CBA; BD BioScience) according to manu-
facturer guidelines. For the troponin I assay, 1 ml blood was collected
by LV cardiac puncture into EDTA (10 �l, 1.6 mg/ml; Sarstedt)
microcentrifuge tubes, centrifuged at 1,000 g for 10 min at 4°C and
stored at �80°C until use. Troponin I levels were determined using
the precoated enzyme linked immunosorbent assay (ELISA Biotrend
Chemicals) according to manufacturer’s specifications.

Langendorff. To investigate the physiological effects of IL-6 cyto-
kine on cardiac function, we used the Langendorff-isolated perfused
heart model (70). To do this, male C57Bl/6 mice (20–23 g) were
euthanized during their sleep period at 9–11 h after lights on (ZT09–
11). Hearts were quickly excised and immersed in ice-cold Krebs-
Henseleit (KH) buffer, consisting of 118 mM NaCl, 25 mM NaHCO3,
1.2 mM KH2PO4, 4.7 mM KCl, 2.5 mM CaCl, 1.2 mM MgSO4, 11
mM glucose, 0.2 mM EDTA, 0.5 mM Na pyruvate, and 10 mg/ml
heparin, for cannulation. Each heart was perfused with KH buffer at
a constant pressure of 80 mmHg, the solution was continuously
aerated with a mixture of 95% O2 and 5% CO2 to obtain a pH of 7.4,
and temperature was maintained at 37°C by a circulating water bath.
A small balloon was inserted into the left ventricle through an incision
in the left atrial appendage. The balloon was inflated to give a left
ventricular end diastolic pressure 	 5 mmHg and a developed pres-
sure � 80 mmHg. Hearts were submerged in an organ bath with KH
buffer and allowed to stabilize for 30 min. Coronary flow rate (in
ml/min) was determined by measuring the volume of perfusate flow-
ing out of the heart per minute. For cytokine administration at the
same levels as we found in vivo, the ex vivo Langdendorff hearts were
exposed to 800 pg/ml IL-6 (or KH buffer as control) for 20 min. Left
ventricular pressure measurements were taken using a pressure trans-
ducer, and the ML866 PowerLab 4/30 data acquisition system (AD
Instruments) and continuously recorded using Chart Software v5.5.6
(ADInstruments). Data were analyzed off-line.

Immunohistochemistry. To determine if time of day influences
innate immunocyte recruitment to infarcted myocardium, mice were
euthanized at 1 day post-MI and hearts were collected. Hearts for
immunohistochemical staining were fixed for 24 h in 10% neutral
buffered formalin, then transferred to 70% ethanol, paraffin embed-
ded, and sectioned at 5 �m. Sections were rehydrated through se-
quential changes of xylene and alcohol, endogenous peroxidases were
quenched in 0.3% hydrogen peroxide, antigen retrieval was in Tris-
EDTA (pH 9.0) at 95°C, and sections were blocked with 3% normal
goat serum. Sections were incubated with rat anti-neutrophil (1:400)
at 4°C for 12 h, followed by biotinylated goat anti-rat (1:100)
secondary antibody (Vector) and streptavidin-HRP (1:100; Vector).
Neutrophils were visualized using ImmPACT NOVA Red (Vector),
and sections were photographed using Q-Capture Imaging (Surrey,
BC). Positive-stained cells were counted from at least 6 fields/section,
3 sections/heart, and 3 hearts/group.

Myeloperoxidase assay. Neutrophil infiltration was also quantified
by myeloperoxidase assay (MPO) activity, using a separate set of
hearts collected at 1-day post-MI. Hearts were homogenized in 1 ml
of 50 mM potassium phosphate buffer (pH 6.0) with 0.5% (wt/vol)
hexadecyltrimethyl ammonium bromide, then sonicated, freeze
thawed three times, and sonicated again. Samples were centrifuged for
15 min at 40,000 g using a Beckman Ultracentrifuge (LE-80K).
Supernatant containing MPO was transferred into a fresh tube for
quantification using the EnzChek Myeloperoxidase Activity Assay
Kit (Life Technologies; Molecular Probes). MPO values were nor-
malized to tissue weight.

Hydroxyproline assay. Cardiac hydroxyproline was determined at 7
days after MI, using the methods described by Koskivirta et al. (34)
The infarcted myocardium was isolated, weighed, and hydrolyzed in
6 N HCL at 120°C for 3 h. The hydrolyzate was evaporated, and the
hydroxyprole content was determined using the Hydroxyproline As-
say Kit (Sigma) according to the manufacturer’s directions.

Statistics. Values are expressed as means 
 SE. Statistical com-
parisons were done using either a Student’s t-test or a one- or two-way
analysis of variance (ANOVA), followed by Bonferroni post hoc for
multiple comparisons, as applicable. Values of P 	 0.05 were con-
sidered statistically significant. The Kaplan-Meier survivorship plot
was determined using the log-rank, Mantel-Cox test. Statistical anal-
yses of diurnal gene expression rhythms were performed using JTK_
CYCLE version-2 available on the open access bioinformatics website
called Circadian Expression Profiles Data Base (CircaDB, http://
circadb.hogeneschlab.org/query) as described in detail (12, 20, 26, 51)
Briefly, the JTK_Cycle algorithm plots expression level, period,
phase, amplitude, JTK P value (estimates the probability for rejecting
the null hypothesis that the target gene expression was not circadian),
and JTK q value (estimates the false discovery rate for considering the
gene circadian).

RESULTS

We used a murine model to determine the role of diurnal
rhythms in the early pathophysiological and molecular remod-
eling responses post-MI. Ligation of the LAD was performed
either early in the murine sleep time or early in the murine
wake time, and animals were euthanized 8 h later. (Fig. 1A).
Initial infarct size and area at risk were not significantly
different (P � 0.05) in mice from either group at 1-day
post-MI, as measured by Evans Blue and TTC staining (Fig. 1,
B and C). Similar levels of troponin I were also noted, indic-
ative of tissue necrosis, and consistent with similar infarct size
at day 1 (Fig. 1D). However, despite ligation of a similar
percentage of the LV, the time of day of infarction led to
differences in early survivorship, as the wake-MI group exhib-
ited improved (P � 0.02) survivorship at 1-wk post-MI com-
pared with the sleep-MI group (Fig. 1E). Overall survivorship
after MI was greater in female compared with male mice, and
females infarcted at sleep time had the least mortality (Fig. 1F).
Given the sex differences, further studies were conducted only
in the male mice. Differences in survivorship coincide with
differences in native whole body physiology status at the wake
versus sleep infarction time. Using an independent set of mice,
we show that at wake time the mice exhibit a greater increase
in food intake (0.72 
 0.10 vs. 2.72 
 0.05 g) (Fig. 1, G and
H), physical activity (2,851 
 764 vs. 19,747 
 2,878 beam
breaks) (Figs. 1, I and J), respiratory exchange ratio (RER)
(0.86 
 0.01 vs. 0.97 
 0.01) (Fig. 1, K, J, and L), and energy
expenditure (0.40 
 0.03 vs. 0.52 
 0.04 kcal/h) (Fig. 1, M
and N) compared with mice during their sleep period. These
experiments using CLAMS quantitatively demonstrate that
body physiology differs over 24-h daily cycles, consistent with
the notion that this can subsequently lead to different outcomes
following MIs that occur at sleep time compared with wake
time.

In view of the differences in native whole body physiology
that were present at the time of sleep versus wake onset of MI,
we next explored whether these were associated with differ-
ences in gene expression in the heart. We used our earlier
diurnal microarray data to plot the day-night cycling of the
well-established core clock mechanism genes mPer2 and mB-
mal1 in normal murine hearts (Fig. 2A, black lines) (38, 40,
64). Per2 mRNA exhibits a significant rhythmic profile (JTK-
Cycle, P value of 0.0004) that increases during the murine
sleep time (light period) and reaches a nadir in the wake time
(dark period). Bmal1 mRNA also exhibits a significant rhythm
(JTK-Cycle, P value of 3.4 � 106 and q value of 0.0017) with
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Fig. 1. Permanent left anterior descending coronary artery (LAD) occlusion [myocardial infarction (MI) model] in the sleep time and wake time. A: schematic
diagram of experimental design. Animals were subjected to permanent LAD occlusions in either the sleep time [zeitgeber time (ZT)01–03] or wake time
(ZT13–15). Tissues were collected 8 h later for cellular and molecular experiments. B: representative images of area at risk (AAR; top) and infarct area (IN;
bottom) 24 h post-MI for sleep and wake groups. C: quantification of AAR/left ventricle (LV), IN/LV, IN/AAR. D: plasma troponin I levels revealed no
difference between animals subjected to permanent LAD occlusion in the wake time (black bars) or sleep time (white bars), n � 4/group. E: although initial
infarct sizes were similar, Kaplan-Meyer plot reveals decreased (P � 0.02) survivorship in the sleep-MI vs. wake-MI group by day 7 after infarction (log-rank
Mantel-Cox test). The survivorship of mice was as folllows: in sleep-MI (39.34%, n � 33), wake-MI (60.87%, n � 23), sleep-sham (100%, n � 5), and
wake-sham (100%, n � 5). F: male mice infarcted during sleep time or wake time showed reduced survivorship by day 7 compared with female mice during
the same time period. N values for the males are the same as in E, and n � 8 female mice for sleep-MI and n � 8 female mice for wake-MI. Animal whole
body physiology as measured using the comprehensive laboratory animal monitoring system exhibits diurnal rhythms in food intake (G and H), physical activity
(I and J), substrate utilization [respiratory exchange ratio, RER) (K and L), and energy expenditure (M and N) with significantly greater values in the wake time
compared with the sleep time. For C, D, and G–M, values are means 
 SE. For H–N, 3 individual animal responses (m1, m2, and m3) were plotted for the light
period [murine sleep (s))] and for the dark period[(murine wake (w)].
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Fig. 2. Time-of-day differences in molecular responses to MI. A: hearts are collected 8 h post-MI at ZT11 (sleep-MI) and ZT23 (wake-MI). A: MI hearts maintain
rhythmic expression of circadian clock genes per2 (left) and bmal1 (right), they are not significantly different from sham-operated control hearts, as anticipated
since the animals were maintained on their normal 24-h light-dark cycles. Bar graphs represent values from the MI microarrays run for this study and are
means 
 SE. Line graphs denote the rhythmic diurnal profiles of Per2 and Bmal1 are based on previous data by our group using normal mouse hearts collected
every 4 h over one 24 h diurnal cycle (40). B: heat map of MI microarray analyses displaying 41 genes significantly upregulated in sleep-MI heart at 8 h post-MI,
compared with all other groups (left) and 47 genes significantly upregulated in the wake-MI heart vs. all other groups, lists J and L. Microarray gene lists are
provided in Table 1 and in supplementary data (posted online with this article). Gene Ontology (GO) analysis revealing differential upregulation of cellular
processes by 8 h post-MI in sleep-MI (C) vs. wake-MI (D) hearts. GO data are provided in the supplementary data. E: microarray profile plots of genes from
these gene ontology cassettes. F: quantitative (q)RT-PCR validation of the microarray gene profiles. *P 	 0.05 vs. all other groups by 2-way ANOVA, followed
by Tukey post-hoc. #P 	 0.05, wake-MI vs. sleep-MI by 2-way ANOVA, followed by Tukey post-hoc; n � 3 per group. Values are means 
 SE.
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an inverted profile that troughs during murine sleep time and
peaks during wake time, consistent with it being on the oppo-
site arm of the circadian mechanism feedback loop. Further-
more, for this study, we used our new microarray data to show
that the same patterns of Per2 and Bmal1 expression were
present in mice subjected to MI (or sham) in the sleep or wake
phase, and these diurnal levels were maintained when the heart
tissues were collected at 8-h postsurgery (Fig. 2A, bars). The
purpose of these molecular data was to confirm not only that
the physiology of the body is different over the 24-h daily cycle
but also that the molecular milieu varies with daily rhythmic-
ity. Cardiac gene expression profiles are different if the MI
occurs at sleep or wake time, and this diurnal difference in
gene expression sets the stage for suquent differences in early
remodeling responses.

Because there were differences in circadian mechanism
genes before the onset of MI at either sleep or wake time, we
next examined whether there were also differences in the
global gene expression patterns in response to MIs that oc-
curred at sleep time versus wake time. We found that time of
day of infarction triggered different cardiac gene responses at
8-h post-MI (Fig. 2B). Figure 2B, left, shows a heat map
showing the 41 genes that are uniquely upregulated in sleep-MI
hearts compared with all other groups. Figure 2B, right, con-
tains the 47 genes uniquely upregulated in wake-MI hearts.
Our microarray analyses of the molecular gene responses in
sleep-MI versus wake-MI are provided in Table 1, and Fig. 2B
focuses on the genes upregulated in sleep-MI or wake-MI
murine hearts (lists J and L, respectively). Gene Ontology
(GO) analyses were used to map the functions of the genes
uniquely upregulated in the sleep-MI hearts, and many of these
genes (33%) were involved in immune functions (Fig. 2C). In
contrast, GO analyses revealed that the genes uniquely upregu-
lated in wake-MI hearts predominantly mapped to metabolic
(37%) and transcription/translation (33%) functions (Fig. 2D).
From these microarray data, we identified nine genes that were
highly expressed and known to play key roles in cardiac
structure, function, and remodeling at post-MI. Gene expres-
sion values, as revealed by the microarray data, were plotted as
box graphs comparing the sleep-MI, wake-MI, and their sham-
operated controls (Fig. 2E). The expression profiles for these
nine genes were validated by qRT-PCR (Fig. 2F). For Ccl7,
expression was greatest after sleep-MI compared with sham
(2.6-fold increase), and there was also a significant but slightly
smaller increase after wake-MI compared with sham (2.2-fold
increase). Hspa1a and Hspa1b were both upregulated after
sleep-MI and after wake-MI, though the sleep-MI group

showed a slightly greater increase. For Cdkn1a, there was
upregulation after sleep-MI and after wake-MI, with a greater
increase in the wake-MI group. For Phlda1, there was upregu-
lation after sleep-MI, but not after wake-MI. For Siah1a, there
was upregulation only in the wake-MI group, though this did
not validate with the primers we used for qRT-PCR. For
Col1a1 and Col3a1, there was a downregulation of gene
expression in the wake-MI group only. For Col5a3, there was
downregulation in the wake-MI group and a small increase in
expression in the sleep-MI group. Thus time of day of MI led
to different gene response patterns in the early remodeling
heart.

To further investigate the genes of interest identified from
our microarrays in Fig. 2, E and F, we performed two exper-
iments. First, we examined whether these genes exhibiting
time-of-day responses to MI also have an underlying diurnal
mRNA profile (Fig. 3, A–H, black lines); i.e., we wanted to
further clarify whether the observed increased or decreased
gene expression of our genes of interest, identified in Fig. 2, E
and F, was changing in response to the MI or alternatively
because of the normal diurnal cycling of the genes in question.
Thus we used an individual set of mice and examined the 24-h
expression profiles of these genes in the normal murine heart.
We found that the genes that exhibited significant (P 	 0.05)
daily rhythmicity by JTK_cycle were Cdkn1a, Col1a1,
Col3a1, Col5a3, and Hspa1a (Table 2). The circadian mech-
anism gene Per2 was used as a positive control to further
confirm that there were daily rhythms in the mRNA (Table 2).

Our second approach examined whether there was a link
between these genes that exhibited time-of-day gene respon-
siveness after MI and the circadian clock mechanism. To do
this, we investigated whether these genes might be under
circadian mechanism control by examining their expression
profiles in the hearts of Clock�19/�19 mice. We investigated
whether the 24-h rhythms in gene expression in the WT hearts
were reduced or ablated in the Clock�19/�19 hearts. This could
indicate that that daily gene transcriptional profile may be
regulated by the circadian clock mechanism and provides some
rationale for why the gene elicits time-of-day responsiveness.
As shown in Fig. 3, dotted lines, gene profiles were signifi-
cantly (P 	 0.05) altered in the Clock�19/�19 hearts over 24-h
diurnal cycles, consistent with the notion that some of these genes
are under circadian mechanism regulation. In contrast to WTs,
Clock�19/�19 had increased expression of Col1a1, Col3a1, and
Col5a3 (Fig. 3, C–E) in the heart and an ablated mRNA rhythm
(JTK_cycle, P � 1.0) (Table 2). The Clock�19/�19 mice also had
increased cardiac mRNA expression of Cdkn1a (Fig. 3B), and

Table 1. Microarray analysis of the molecular gene responses in the wake vs. sleep 8 h post-MI

No. of Upregulated Transcripts No. of Downregulated Transcripts
Common to MI-wake and MI-Sleep But Not Sham

(Up and Down)

MI-wake vs. SH-wake 944-ListA 805-List B
MI-sleep vs. SH-sleep 526-ListC 353-ListD
Unique to MI-wake vs. SH 507-ListF 575-ListH
Unique to MI-sleep vs. SH 89-ListG 123-List I
Common to MI wake and MI-sleep vs. Sham 437 230 667 - List E
MI-wake vs. all 47-List L 58-ListM
MI-sleep vs. all 41-List J 17-List K

Microarray data are deposited in the Gene Expression Omnibus database (GSE71906). For details on bioinformatics (comparisons, lists of genes), see
Supplemental Table S1 (Excel files, lists A to M). MI, myocardial infarction; SH, sham.
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moreover the diurnal mRNA expression retained rhythmicity but
was also phase shifted (JTK_cycle, P � 4.12 � 10�4, Table 2).
The Clock�19/�19 mice showed little difference in Siah1a,
Hspa1b, and Ccl7 mRNA expression in the heart (Fig. 3, F–H,
Table 2). The circadian mechanism regulated Per2 gene was
used as a positive control and exhibited downregulation in

Clock�19/�19, as anticipated (Fig. 3A, Table 2). Taken together,
these findings are consistent with the notion that the circadian
mechanism regulates daily gene expression cycles, and thus the
genetic milieu differs at the time of MI onset. These differing
milieu set points also help to explain why different gene
expression patterns are initially triggered after MI.

We explored pathophysiological mechanisms that could be
differentially triggered by the gene expression patterns post-MI
by investigating immune responses. In support of this ap-
proach, 33% uniquely upregulated in the sleep-MI heart had
been mapped to immune processes by GO analyses (Fig. 2C).
Importantly, immune responses are crucial for infarct healing.
To investigate this in our model, we analyzed blood serum
cytokine levels in our MI and sham-operated mice (Fig. 4A).
Serum from the sleep-MI mice display significantly (P 	 0.05)
increased levels of cytokines IL-6 (811.38 vs. 175.52 pg;
4.6-fold increase), IL-10 (21.72 vs. 13.34 pg; 1.6-fold in-
crease), IL-4 (2.47 vs. 1.59 pg; 1.6-fold increase), and TNF
(12.26 vs. 5.97 pg; 2-fold increase) compared with serum from
the wake-MI mice. There was no difference in serum IL-2 or
IL-17a cytokines in the early remodeling phase. The serum
cytokines with increased abundance in sleep-MI mice were not
observed in the sham-operated animals, suggesting that they
were specific to the MI response (Fig. 4A). Further investiga-
tion of the cytokine response revealed that the elevated IL-6
levels triggered in the sleep-MI group might have functional
consequences on the heart. Figure 4B shows that IL-6 cytokine,
administered at the same concentration (800 pg/ml IL-6, or
buffer as control) as in sleep time-infarcted mice, reduces (P 	
0.05) cardiac contractility in ex vivo Langendorff-perfused
hearts. Thus, taken together, these findings support the notion
that time of day triggers differential humoral immune re-
sponses to MI and that Th2-related cytokine responses are
especially triggered for MIs, which occur around sleep time
and, moreover, that the physiological levels of IL-6 released
can have direct effects on cardiac function.

To investigate further the early remodeling period and in
light of differences in cytokines involved in inflammatory cell
recruitment in the sleep-MI heart, we investigated cardiac
neutrophil recruitment by immunohistochemistry. As shown in
Fig. 4C, top, neutrophil infiltration into the infarcted myocar-
dium was reduced (P 	 0.05) at 1-day post-MI in sleep-MI
hearts compared with wake-MI hearts (69 
 8 vs. 120 
 4
cells/0.25 mm2). This same pattern of reduced neutrophil
infiltration was also evident in the peri-infarct region of
sleep-MI versus wake-MI hearts (72 
 6 vs. 98 
 12 cells/
0.25mm2) (Fig. 4C, middle). Neutrophils were not detected in
the remote region (Fig. 4C, bottom). Neutrophil infiltration
values in myocardium are quantified and plotted in Fig. 4D.
We further investigated cardiac neutrophil recruitment using
the biochemical myeloperoxidase (MPO) assay, as this pro-
vides a second quantifiable measure of neutrophil infiltration.
Figure 4E shows that compared with wake-MI, the sleep-MI
mice had an attenuated response with reduced (P 	 0.05) MPO
activity in the heart at day 1 (77.97 
 5.72 vs. 107.58 
 4.48
ng·ml�1·100 mg tissue�1). Lastly, since the sleep-MI hearts
had higher collagen levels than wake-MI hearts during the
early response period, we also investigated this at 7 days after
infarction. We found that the total hydroxyproline content
(total collagen) remained significantly greater (*P 	 0.05) in
sleep-MI compared with wake-MI hearts (Fig. 4F). Moreover,
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Fig. 3. Diurnal cycling of MI-response genes. Endogenous rhythmic gene
expression may prime the heart to respond differentially to sleep-MI vs.
wake-MI. Altered gene expression profiles in Clock�19/�19 mice indicates that
some genes may be under circadian mechanism control. Diurnal cardiac gene
expression for per2 (A), cdkn1a (B), col1a1 (C), col3a1 (D), col5a3 (E), siah1a
(F), hspa1b (G), and ccl7 (H) in wild type (WT; solid black line) and
Clock�19/�19 (dashed black line) mice under a 12-h:12-h light-dark (12:12LD)
cycle. Orange shading represents endogenous expression levels in the early
sleep period (time of onset of sleep-MI), and green shading represents
endogenous expression in the early wake period (time of onset of wake-MI).
Normalized mRNA expression values in WT and Clock�19/�19 hearts over
24 h are provided in supplementary data. n � 3/time point. Values are
means 
 SE. *P 	 0.05 Clock�19/�19 vs. WT of same time point. Analysis of
gene rhythmicity is determined using JTK_CYCLE, and values are in Table 2.
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we performed qRT-PCR on the day 7 hearts to assess the gene
expression levels of the collagen isoforms. We found that
Col1a1, Col3a1, and Col5a3 mRNA levels were significantly
(*P 	 0.05) elevated in sleep-MI hearts consistent with the
hydroxyproline content at day 7 (Fig. 4G). As summarized in
Fig. 4H, time of day of MI onset not only affects the early gene
expression patterns but can also contribute to cardiac remod-
eling through immune responses crucial for scar formation and
outcome.

DISCUSSION

In this study, we tested the hypothesis that sleep-time versus
wake-time infarction triggers different molecular and cellular
responses that may play a role in cardiac remodeling after MI.
We found in a murine model of infarction that sleep-MI in
mice preferentially triggers the early expression of genes as-
sociated with inflammatory responses, coincident with in-
creased serum IL-6, IL-10, IL-4, and TNF cytokine levels,
along with reduced neutrophil infiltration in the infarct and
peri-infarct regions of the heart. The early serum IL-6 cytokine
response in the sleep-MI mice is sufficient to reduce cardiac
contractility in ex vivo Langendorff-perfused hearts. In con-
trast to sleep-MI, wake-MI preferentially triggers global ex-
pression of genes involved in metabolic pathways and tran-
scription/translation ontology, reduced serum cytokine abun-
dance, and a marked increase in neutrophil recruitment to the
infarcted myocardium. The underlying time-of-day differences
in physiology and organ gene expression trigger different
molecular and cellular response patterns in the early remodel-
ing heart. A role for the circadian clock mechanism is impli-
cated in these daily rhythms, as the MI genes show altered
diurnal rhythms in our Clock�19/�19 mice. Our results further
show that time of day of MI can influence survival rates despite
similar initial infarct sizes, which may be attributable to im-
proved scar formation and protection from cardiac rupture in
the first few days post-MI. In a corollary to our experiments,
early innate inflammatory responses are crucial for survival of
the myocardium during the acute period (28, 29, 47), and
altered innate immune responses can exacerbate cardiac re-
modeling after MI (2).

A window for clinical translation presents an understanding
of how time of day influences inflammation and remodeling

after MI. Infarction triggers a temporally orchestrated innate
immune response that helps to clear the wound of cellular
debris and activate remodeling pathways for fibrosis and scar
maturation (18, 37, 47). Since there is diurnal cycling of the
immune system including peripheral blood mononuclear cells
in humans (1, 22) and rodents (31) and since immune cell
reactivity varies predictably across the daily cycle (17), it is
likely that time of day can influence immune response after MI.
Further support for this hypothesis comes from earlier studies
revealing time-of-day differences in susceptibility of mice to
diseases with immune-mediated pathophysiology to D. pneu-
monia (15), Coxsackie B virus (14), or lipopolysaccharide-
induced endotoxic shock (21, 32). Conversely, parasites use
time of day to escape the immune defense mechanisms of the
host, including malarial (24) and plant (68) pathogens. Collec-
tively, these studies support our findings that time of day
influences immune response post-MI, which sets the stage for
subsequent cardiac remodeling.

The circadian mechanism is one way in which time of day
can modulate inflammatory responses. The circadian mecha-
nism, and CLOCK specifically, are implicated in regulating
healthy immune responses in humans and rodents, thus sup-
porting this notion (4–6, 48). The circadian mechanism has
also been shown to regulate innate cellular and cytokine
responses in disease (32, 46). Relevant to heart disease, we
previously showed that CLOCK plays a crucial role in recruit-
ment of inflammatory cells to infarcted myocardium (2). This
study provides an important new dimension, that time of day
influences these early inflammatory responses after MI. Since
modulation of the inflammatory response post-MI is a primary
therapeutic concern (59), strategies that selectively target these
pathways at sleep or wake times could be used to effectively
target inflammatory cell responses post-MI. Of note, the male
mice showed increased neutrophil infiltration in the wake-MI
group and better survivorship. In contrast, Schloss et al. (58)
used female mice and reported increased neutrophil infiltration
in their wake-MI group and reduced survivorship. Thus an
exaggerated neutrophil response at wake-MI appears to worsen
outcome in females but not males. Interestingly, female mice
have different healing processes compared with male mice
after MI (67), which might be important to consider when
modulating immune responses as a therapy.

Table 2. Analysis of gene rhythms in WT and Clock�19/�19 hearts using JTK_CYCLE

Gene Symbol Genotype JTK_CYCLE P Value JTK_CYCLE q Value JTK_CYCLE Amplitude Amplitude 95% CI

Per2 WT 3.39E-06 5.42E-05 9.26 (3.28,11.04)
Per2 Clock�19/�19 3.71E-05 1.98E-04 1.24 (0.63,1.75)
Cdkn1a WT 1.67E-04 6.70E-04 0.58 (0.30,0.80)
Cdkn1a Clock�19/�19 4.12E-04 1.32E-03 1.43 (0.87,2.05)
Col1a1 WT 0.045 0.13 0.40 (0.06,0.71)
Col1a1 Clock�19/�19 1.00 1.00 0.11 (�0.23,0.44)
Col3a1 WT 0.047 0.13 0.47 (0.10,0.89)
Col3a1 Clock�19/�19 1.000 1.00 0.18 (�0.26,0.61)
Col5a3 WT 2.13E-05 1.71E-04 2.01 (1.26,2.93)
Col5a3 Clock�19/�19 0.143 0.25 0.67 (0.16,1.09)
Siah1a WT 0.45 0.73 0.12 (0.00,0.26)
Siah1a Clock�19/�19 1.00 1.00 0.08 (�0.10,0.29)
Hspa1b WT 4.12E-03 0.011 0.42 (0.08,0.80)
Hspa1b Clock�19/�19 1.00 1.00 0.11 (�0.03,0.28)
Ccl7 WT 0.54 0.79 0.44 (0.14,1.09)
Ccl7 Clock�19/�19 1.00 1.00 0.16 (�0.10,0.48)

WT, wild-type; CI, confidence interval.
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Fig. 4. Sleep-MI vs. wake-MI inflammatory responses. A: sleep-MI mice exhibit increased serum cytokines IL6, IL10, IL4, and TNF at 8 h post-MI compared with
wake-MI mice. No differences were seen for IL2 and IL17a. *P 	 0.05 by Student’s t-test, n � 3 group. Values are means 
 SE. B: physiological levels of IL6 (800
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C: by day 1 post-MI, wake-MI hearts had enhanced anti-neutrophil staining in the infarct and peri-infarct regions, but not the remote zone. D: quantification reveals
increased neutrophil infiltration into the infarct and peri-infarct regions in wake-MI hearts compared with sleep-MI. *P 	 0.05 unpaired Student’s t-test, n � 3 per group.
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Our approach also holds significant clinical applicability for
conditions in which the normal circadian oscillations have been
disturbed. For example, obstructive sleep apnea (OSA) is the
most common sleep-disordered breathing disorder. OSA has
disturbed circadian-coupled mechanisms that contribute to
heart disease and that can be partially alleviated by nocturnal
continuous positive airway pressure (CPAP) therapy (3, 7, 8,
55, 60). These patients are at increased risk of infarct expan-
sion after MI. Understanding how innate inflammatory re-
sponses contribute to infarct expansion and understanding the
effects of nocturnal CPAP therapy on reducing these responses
are clear avenues for experimental investigation and clinical
trials. Time-of-day investigations into relevant aspects of the
vascular and neuroendocrine systems could also be fruitful, as
these are integrated with heart function and there are time-of-
day oscillations in these systems as well (9, 10). Another group
with clinical relevance are shift workers as they have occupa-
tionally disturbed circadian rhythms (69a), and disturbed cir-
cadian rhythms lead to disturbed immune responses (35). Shift
workers are at increased risk of ischemic heart disease and
have poorer outcomes (30, 33, 66). Understanding how dis-
turbed inflammatory responses after MI contribute to pathol-
ogy will also be important for reducing cardiovascular conse-
quences in these individuals. Regardless of the clinical condi-
tion, infarction will trigger a cascade of molecular and cellular
responses that can be investigated, as demonstrated here, for
wound healing and benefitting outcome.

Perspectives and Significance

These experiments demonstrate time-of-day molecular and
cellular responses to MI, with potential for improving on
therapeutic outcome. Our observations highlight the novel
findings that time of day differentially triggers innate gene
expression, humoral and innate immune cell responses impor-
tant for remodeling after MI. Because our physiology and gene
and protein expression exhibit endogenous daily rhythms,
understanding their role in triggering effective infarct healing
can lead to benefits for patients. Future studies investigating
the role of time of day in recruiting inflammatory responses to
infarcted myocardium are needed to discover new approaches
for the effective treatment of cardiovascular disease.
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