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Abstract

A mismatch between fatty acid availability and utilization leads to cellular/organ dysfunction 

during cardiometabolic disease states (e.g., obesity, diabetes mellitus). This can precipitate cardiac 

dysfunction. The heart adapts to increased fatty acid availability at transcriptional, translational, 

post-translational and metabolic levels, thereby attenuating cardiomyopathy development. We have 

previously reported that the cardiomyocyte circadian clock regulates transcriptional responsiveness 

of the heart to acute increases in fatty acid availability (e.g., short-term fasting). The purpose of the 

present study was to investigate whether the cardiomyocyte circadian clock plays a role in 

adaptation of the heart to chronic elevations in fatty acid availability. Fatty acid availability was 

increased in cardiomyocyte-specific CLOCK mutant (CCM) and wild-type (WT) littermate mice 
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for 9 weeks in time-of-day-independent (streptozotocin (STZ) induced diabetes) and dependent 

(high fat diet meal feeding) manners. Indices of myocardial metabolic adaptation (e.g., substrate 

reliance perturbations) to STZ-induced diabetes and high fat meal feeding were found to be 

dependent on genotype. Various transcriptional and post-translational mechanisms were 

investigated, revealing that Cte1 mRNA induction in the heart during STZ-induced diabetes is 

attenuated in CCM hearts. At the functional level, time-of-day-dependent high fat meal feeding 

tended to influence cardiac function to a greater extent in WT versus CCM mice. Collectively, 

these data suggest that CLOCK (a circadian clock component) is important for metabolic adaption 

of the heart to prolonged elevations in fatty acid availability.
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INTRODUCTION

As with various cardiovascular physiologic parameters (e.g., heart rate, blood pressure), 

clinically-relevant adverse cardiovascular events exhibit a time-of-day-dependence (e.g., 
myocardial infarctions, sudden cardiac death) [1–6]. The clinical importance of time-of-day-

dependent rhythms is supported further by observations that: 1) non-dipping hypertensives 

exhibit increased left ventricular hypertrophy and are at increased risk of cardiovascular and 

renal disease (compared to dipping hypertensive subjects) [7, 8]; 2) heart attacks result in 

larger infarcts when they occur in the early hours of the morning [9, 10]; and 3) that night 

shift workers have an increased incidence in CVD (relative to day shift co-workers) [11, 12]. 

Classically, oscillations in cardiovascular parameters have been attributed to fluctuations in 

stimuli/stressors that are extrinsic to the cardiovascular system (e.g., neurohumoral factors, 

sheer stress, posture, etc) [2, 13–15]. More recently, there has been an increased appreciation 

that cardiovascular systems exhibit intrinsic time-of-day-dependent rhythms in various 

processes, a trait that is mediated by circadian clocks [16–18]. The negative impact of 

dyssynchrony between intrinsic (i.e., circadian clock) and extrinsic (e.g., behavioral and 

neurohumoral factors) influences on cardiovascular function was recently highlighted in 

studies by Martino et al, wherein mutant hamsters harboring a 22 hour internal circadian 

clock develop CVD when housed in a 24, but not 22, hour light/dark cycle [19]. In addition, 

our research group has demonstrated that the cardiomyocyte circadian clock directly 

influences cardiac gene expression, metabolism, and contractile function, and that disruption 

of this molecular mechanism results in contractile dysfunction and decreased lifespan [20, 

21].

Lipid and fatty acid species are more than just a fuel for the contracting myocardium, 

playing important structural (e.g., lipid bilayer) and signaling (e.g., diacylglycerol activation 

of PKCs) roles [22–24]. As such, it is essential that synchronization is maintained between 

fatty acid availability and utilization. This is made possible in various cells, including 

cardiomyocytes, through a number of feedforward mechanisms, wherein fatty acids promote 

their utilization. These include post-translational (e.g., stimulation of AMP-activated protein 

kinase; AMPK) and transcriptional (e.g., activation of peroxisome proliferator-activated 
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receptor α PPARα) mechanisms [25–27]. Failure to adequately balance fatty acid 

availability with fatty acid utilization during, for example, obesity and/or diabetes mellitus, 

leads to accumulation of fatty acyl derivatives (e.g., di- and tri- acylglycerol) within 

cardiomyocytes, aberrant signaling, contractile dysfunction, and even cell death (i.e., 
lipotoxicity) [28–30]. These observations highlight a need to understand the mechanisms 

involved in synchronizing fatty acid availability with utilization.

We have previously reported that the cardiomyocyte circadian clock influences 

transcriptional responsiveness of the heart to acute changes in fatty acid availability (e.g., 

fasting) [31]. However, whether this mechanism impacts adaptation of the heart to prolonged 

elevations in fatty acids at transcriptional, metabolic or contractile function levels, is 

currently unknown. In order to interrogate this question, the present study challenged wild-

type (WT) and cardiomyocyte-specific CLOCK mutant (CCM) mice with increased fatty 

acid availability for a 9 week period through two distinct strategies; uncontrolled 

streptozotocin (STZ) induced diabetes mellitus and high fat feeding. In the latter case, mice 

were fed high fat meals in a time-of-day-dependent manner. As anticipated, in WT hearts 

STZ-induced diabetes increased reliance on fatty acid oxidation, induced expression of 

PPARα target genes, but had no significant effects on contractile function (either ex vivo or 

in vivo). In contrast, attenuated responses to STZ were observed in CCM hearts at the levels 

of cte1 induction (a PPARα target gene) and perturbations in substrate reliance. Similarly, 

we observed a differential response of WT versus CCM hearts to high fat meal feeding, 

which included perturbations in oleate and endogenous substrate reliance, as well as 

glycogen content. Interestingly, time-of-day-dependent high fat meal feeding tended to 

influence cardiac function to a greater extent in WT versus CCM mice. Collectively, these 

data suggest that CLOCK (a circadian clock component) is important for metabolic adaption 

of the heart to prolonged elevations in fatty acid availability.

MATERIALS AND METHODS

Mice

The present study utilized WT and CCM (MHCα-dnCLOCK+/−) mice on the FVB/N 

background, as described previously [20]. All experimental mice were male, and were 

housed at the Animal Resource Program at the University of Alabama at Birmingham 

(UAB), under temperature-, humidity-, and light- controlled conditions. A strict 12-hour 

light/12-hour dark cycle regime was enforced (lights on at 6AM; Zeitgeber Time [ZT] 0); 

the light/dark cycle was maintained throughout these studies. As such, physiologic diurnal 

variations were investigated in mice (as opposed to circadian rhythms). For the STZ-induced 

diabetes study, mice were housed within regular microisolator cages and had free access to 

standard rodent chow (Teklad Harlan, catalog number 7917). For the high fat diet meal 

feeding study, mice were housed within a CLAMS (Comprehensive Laboratory Animal 

Monitoring System), enabling control of food access in a noninvasive automated fashion. All 

mice received water ad libitum. All animal experiments were approved by the Institutional 

Animal Care and Use Committee of the University of Alabama at Birmingham.
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Experimental design

For the STZ-induced diabetes study, mice were divided into one of four experimental groups 

at 13 weeks of age: 1) WT Vehicle; 2) WT STZ; 3) CCM Vehicle; and 4) CCM STZ. STZ 

mice received multiple low dose STZ injections, as previously described [32]. Briefly, 40 

mg/Kg/day of STZ was injected (IP) in a volume of 100 µL/10 g for 5 consecutive days 

(total of 200 mg/Kg). Vehicle mice received the same volume of 0.1 mM citrate buffer, pH 

4.5. Nine weeks following STZ or vehicle administration, mice were euthanized at one of 

six time points over the course of the day (ZT0, ZT4, ZT8, ZT12, ZT16, and ZT20), during 

which time, blood and tissues were collected.

For the high fat diet meal feeding study, mice were allowed access to either a high fat diet 

(45% calories from fat, Research Diets, New Brunswick, NJ; catalog number D12451) or a 

control diet (10% calories from fat, Research Diets, New Brunswick, NJ; catalog number 

D12450B) in a time-of-day-dependent manner. These same diets, which were matched for 

protein content, have been utilized previously [33, 34]. The feeding regimes for this study 

are illustrated in Figure 1. Briefly, mice were divided into one of four experimental groups: 

1) WT early high fat (EHF) fed; 2) WT late high fat (LHF) fed; 3) CCM EHF fed; and 4) 

CCM LHF fed. All mice were allowed access to the control diet between ZT0 (i.e., dark-to-

light phase transition) and ZT8 (i.e., 8 hours into the light phase). At ZT8, access to food 

was prevented for all mice; fasting was maintained for a 4-hour period. At ZT12 (i.e., the 

light-to-dark phase transition), mice in EHF groups were allowed access to the high fat diet 

for 4 hours. Conversely, mice in the LHF groups were allowed access to the control diet 

during this time period. At ZT16 (i.e., 4 hours into the dark phase), access to food was 

prevented for all mice; fasting was maintained for 4 hours. At ZT20, mice in the EHF groups 

were allowed access to the control diet for 4 hours. Conversely, mice in the LHF groups 

were allowed access to the high fat diet during this time period. The purpose of the two 4 

hour fasting periods was to facilitate gastric emptying prior to, and encourage food 

consumption upon, subsequent food access. Feeding regimes were maintained daily (starting 

at 13 weeks of age), for a 9 week period (terminating at 22 weeks of age), through use of the 

CLAMS; each cage possesses two distinct feeders that open/close in a computer-controlled 

fashion. Upon completion of the feeding study, mice were euthanized at one of six time 

points over the course of the day (ZT0, ZT4, ZT8, ZT12, ZT16, and ZT20), during which 

time blood and tissues were collected.

Whole body behavioral and metabolic monitoring

Twenty-four hour patterns of physical activity (beam breaks), food intake, and energy 

expenditure (indirect calorimetry) were measured in mice using a CLAMS (Columbus 

Instruments Inc., Columbus, OH) during week 7 of both studies, as described previously 

[35].

Body composition assessment

In vivo body composition (total body fat and lean tissue) of mice was determined using an 

EchoMRI™ 3-in-1 quantitative magnetic resonance (QMR) machine (Echo Medical 

Systems, Houston, TX). A system test was performed using a known fat standard prior to the 

measurements being taken. Mice were weighed and then placed into a clear holding tube 
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capped with a stopper that restricted vertical movement, but allowed constant airflow. The 

tube was inserted into the machine and the mouse scanned using the Normal Precision 

mode.

Echocardiographic analysis

Mouse echocardiography was performed under anesthesia with 1.5% isoflurane in 95% O2, 

using a VisualSonics VeVo 770 Imaging System (VisualSonics, Toronto, Canada). The High-

Resolution System with a RMV707B scanhead equipped with high-frequency 30 MHz 

probe and data were analyzed using the VisualSonics software package for cardiovascular 

assessment. The body temperature was maintained between 37.0 °C ± 0.5 °C and heart rate 

was sustained between 500 ± 100 beats per minute. Systolic and diastolic functions were 

assessed in mice 8 weeks following STZ administration, as described previously [36]. With 

regards to diastolic function, mitral valve inflow pattern determines the E/A ratio. E is 

obtained due to the passive inflow from left atrium (LA) to left ventricle (LV), and A is 

active inflow when LA contracts. E>A represents a normal mitral valve inflow pattern, while 

this pattern reverses during impaired relaxation or decreased LV compliance. Increased LA 

pressure (for example, during hypertrophy due to non-compliance) results in increased 

passive LV filling (increased E). This causes pseudo-normalization of the E/A ratio as it is 

indistinguishable from the normal pattern. During diastolic dysfunction, pseudo-

normalization of mitral valve inflow pattern occurs suggesting noncompliant LV and 

increased LA and LV pressures. Mitral valve inflow pattern is preload dependent which 

means that as the left atrium pressure changes, the E/A measurement changes. Unlike this, 

the Tissue Doppler imaging (TDI) E/E’ is preload independent. TDI of ventricular 

myocardium immediately adjacent to the mitral valve, gives 2 major waveforms – E’ and A’. 

E’ is the early diastolic myocardial relaxation velocity and A’ is the myocardial velocity 

associated with atrial contraction; see Ho and Solomon for additional information [37].

Humoral factor analysis

Following plasma preparation, blood was placed in EDTA-containing tubes and centrifuged 

at 3,000g for 10 minutes at 4 degrees. Plasma was stored at −80 degrees prior to assessment 

of glucose, insulin, and non-esterified fatty acids (NEFA) levels using commercially 

available kits. Glucose was measured on the Stanbio Sirrus analyzer (Stanbio Laboratory, 

Boerne, TX) using a glucose oxidase reagent (manufactured by Stanbio Laboratory; catalog 

number 1071–250). Insulin was measured using a sensitive rat insulin RIA kit 

(manufactured by EMD Millipore Corporation, Billerica, MA; catalog number SRI-13K). 

NEFA were measured on the Stanbio Sirrus analyzer (Stanbio Laboratories, Boerne, TX) 

using reagents from Wako Diagnostics, Mountain View, CA (catalog numbers are 999–

34691, 995–34791, 991–34891, and 993–35191).

Working mouse heart perfusions

Myocardial substrate utilization and contractile function were measured ex vivo through 

isolated working mouse heart perfusions, as described previously [33, 34, 38, 39]. All hearts 

were perfused in the working mode (non-recirculating manner) for 30 minutes with a 

preload of 12.5mmHg and an afterload of 50 mmHg. Standard Krebs–Henseleit buffer was 

supplemented with 8 mM glucose, 0.4 mM oleate conjugated to 3% BSA (fraction V, fatty 
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acid-free; dialyzed), 10 µU/ml insulin (basal/fasting concentration), 0.05 mM L-carnitine, 

and 0.13 mM glycerol. Metabolic fluxes were assessed through the use of distinct 

radiolabeled tracers: 1) [U-14C]-glucose (0.12mCi/L from MP Biomedicals; glycolysis, 

glucose oxidation); and 2) [9,10-3H]-oleate (0.067 mCi/L from Sigma-Aldrich; β-oxidation). 

Measures of cardiac metabolism (e.g., oxygen consumption) and function (e.g., cardiac 

power) were determined as described previously [33, 34, 38, 39]. At the end of the perfusion 

period, hearts were snap-frozen in liquid nitrogen and stored at −80°C prior to analysis. Data 

are presented as steady state values (i.e., values during the last 10 minutes of the perfusion 

protocol).

Quantitative RT-PCR

RNA was extracted from hearts using standard procedures [40]. Candidate gene expression 

analysis was performed by quantitative RT-PCR, using methods described previously [41, 

42]. For quantitative RT-PCR, specific Taqman assays were designed for each gene from 

mouse sequences available in GenBank. All quantitative RT-PCR data were normalized to 

the housekeeping gene cyclophilin (this gene did not differ between experimental groups) 

and is presented as fold change from the WT Vehicle trough value (STZ-induced diabetes 

study) or the WT EHF trough value (high fat meal feeding study).

Western blotting

Qualitative analysis of protein expression was performed using standard Western blotting 

techniques, as described previously [39]. Lysates (10 µg) were separated on a 7.5% bis-

acrylamide gel by sodium dodecyl sulfate– polyacrylamide gel electrophoresis, transferred 

to a PVDF membrane and probed with anti-CTE1 (Abcam; catalogue number 133948), anti-

phospho-Thr172-AMPK (Cell Signaling; catalogue number 2531), anti-AMPK (Cell 

Signaling; catalogue number 2532), anti-phospho-ACC (Cell Signaling; catalogue number 

3661), anti-ACC (Cell Signaling; catalogue number 3662), anti-NAMPT (Abcam; catalogue 

number 45890), and anti-acetyl lysine (Cell Signaling; catalogue number 9441) antibodies. 

Membranes were incubated with either goat anti-rabbit or anti-mouse horse radish 

peroxidase-conjugated secondary antibody (Santa Cruz; catalogue numbers sc-2004 and 

sc-2005, respectively). Bands were visualized with Immunstar Western C detection kit 

(Biorad) on X-ray film, scanned and quantified using Scion Image version 4.0.3.2, and 

normalized to Calsequestrin (Abcam; catalogue number AB3516); Calsequestrin levels did 

not differ between experimental groups.

Myocardial Glycogen and Triglyceride

Myocardial glycogen and triglyceride contents were measured from homogenate extracts 

using enzymatic-based spectrophotometric methods. Glycogen content was assayed using a 

modified Walaas protocol [43]. Approximately 20mg of heart tissue was dissolved in 1M 

potassium hydroxide at 70 degrees. An aliquot was acidified using acetic acid, followed by 

overnight digestion with amyloglucosidase. After neutralization, glucose content in extracts 

were determined by following NADPH generation from coupled hexokinase/glucose 6-

phosphate dehydrogenase reactions (absorbance at 340nm). Total lipids were extracted from 

heart using a modified Folch procedure [44]. Approximately 25 mg of heart tissue was 

placed in 5 mL of a 2:1 solution of chloroform and methanol and homogenized using a 
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Polytron homogenizer (PT1200E, Kinematica, Bohemia, NY). Samples were agitated for 2 

hr at room temperature and tissue was filtered. Liquid phases were separated through 

addition of 1 mL 0.05% sulfuric acid and the bottom phase was obtained. Prior to 

triglyceride determination, 4 mL of 1% Triton X-100 in chloroform was added and 

chloroform was evaporated under nitrogen gas. Lipids were dissolved in deionized water. 

Triglyceride content was determined in triplicate in a 96 well plate using the L-Type TG M 

colorimetric assay (Wako Diagnostics, Osaka, Japan). Absorbance at 595 nm was 

determined using a Multiscan Spectrum Microplate Reader (Thermo Scientific). Standards 

were utilized for both assays, allowing quantification of glycogen and triglyceride levels.

Statistical analysis

Statistical analyses were performed using two- and three-way ANOVA to investigate main 

effects of time, genotype, and/or intervention (STZ or diet; indicated in Figure panels), 

followed by Bonferroni’s post hoc analyses for pair-wise comparisons. GraphPad Prism 

(GraphPad Software Version 6.01, San Diego, CA) and Stata version IC10.0 (Stata Corp., 

San Antonio, TX) were used in the statistical analyses. In all cases, the null hypothesis of no 

model effects was rejected at P<0.05. It is important to note that pair-wise comparisons are 

indicated on figures only for the effects of STZ-diabetes or high fat meal feeding within a 

genotype; in contrast, pair-wise comparisons between genotypes are not indicated in the 

figures (for the sake of simplicity).

RESULTS

Impact of STZ-induced Diabetes on Whole Body Adaptation in Mice

As anticipated, low dose STZ-administration resulted in uncontrolled diabetes in WT mice, 

as indicated by a marked decrease in plasma insulin levels, and a reciprocal elevation of 

plasma glucose levels (Figure 2Ai–ii). A Two-way ANOVA also revealed a main effect of 

STZ administration on plasma NEFA levels, which were elevated in diabetic mice (Figure 

2Aiii). Identical observations were made in CCM mice (data not shown).

Next, body weight, body composition, food intake, and physical activity were investigated in 

both WT and CCM mice challenged with STZ. STZ-induced diabetes attenuated body 

weight gain in mice, independent of genotype. Throughout the study, body weight gain was 

attenuated in STZ animals (Figure 2Bi). At the end of the experimental protocol body fat 

mass was also lower in STZ-treated mice, relative to vehicle controls, again independent of 

genotype (Figure 2Bii). STZ-induced diabetes also increased food intake and physical 

activity in mice (STZ main effect). Somewhat surprisingly, a main effect of genotype was 

observed for physical activity, with a slight decrease in physical activity in CCM mice 

(Figure 2Bxiii–iv). It is important to note that indirect calorimetry data (e.g., RER) are not 

reported for this sub-study, given that results obtained from this method during uncontrolled 

metabolic states (e.g., diabetes) are difficult to interpret, due in part to changes in protein and 

ketone body metabolism [45].
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Differential Metabolic Adaptation of the Heart to STZ-Induced Diabetes in WT versus CCM 
Mice

Next we investigated whether CCM hearts exhibit a differential response to STZ-induced 

diabetes at distinct metabolic levels. Initially a sub-set of hearts were isolated and perfused 

ex vivo in the working mode for assessment of cardiac substrate metabolism at ZT6. STZ-

induced diabetes significantly increased reliance of the WT heart for oleate (fatty acid) 

oxidation, with a concomitant decrease on endogenous substrate reliance (Figure 3Ai). In 

contrast, this effect of STZ-induced diabetes was attenuated in CCM hearts (Figure 3Ai). 

STZ diabetes did not significantly influence glucose oxidation (although a main effect of 

genotype was observed, consistent with previous reports [20]; Figure 3Aii). Myocardial 

oxygen consumption presented an STZ main effect, while 14C-labeled lactate release 

exhibited no significant differences between experimental groups (Figure 3Aiii–iv). 

Differences in endogenous substrate reliance prompted assessment of myocardial glycogen 

and triglyceride levels in the experimental groups in hearts that were frozen immediately 

following isolation; two-way ANOVA revealed only a genotype main effect for triglyceride 

levels, which are lower in CCM hearts, consistent with previous reports (Figure 3Av–vi) 

[34].

Differential metabolic adaptation of CCM hearts to STZ-induced diabetes prompted 

investigation of candidate transcriptional and posttranslational mechanisms. These included: 

1) fatty acid (PPARα) responsive genes; 2) the AMPK/ACC axis ; and 3) the NAMPT/

acetylation axis. Metabolism-relevant, established PPARα-target genes (Cte1, Cd36, Pdk4, 
Ucp3, Mcad and Mcd) were initially investigated (Figure 3B). As anticipated, STZ-induced 

diabetes increased expression of the fatty acid responsive genes Cte1, Cd36, Pdk4, Ucp3, 

and Mcd in WT hearts; a significant main effect for STZ was not observed for Mcad (Figure 

3Bi–vi). Cte1 expression also exhibited a main effect of genotype, being repressed in CCM 

hearts (Figure 3Bi). Importantly, Cte1 exhibited a significant STZ-genotype interaction, 

indicating a blunted induction of this gene in CCM hearts during STZ-induced diabetes 

(Figure 3Bi). This transcriptional analysis suggested that of the PPARα-target genes 

investigated, Cte1 might contribute towards the differential metabolic adaptation of WT 

versus CCM hearts to STZ-induced diabetes. However, investigation of CTE1 protein levels 

(at both ZT6 and ZT18) revealed similar levels of induction in WT and CCM hearts in 

response to STZ-diabetes (i.e., lack of STZ-genotype interaction; Figure 3Bvii–viii).

The AMPK/ACCβ/malonyl-CoA axis plays a critical role in the regulation of myocardial 

fatty acid oxidation [46, 47]. We therefore hypothesized that this axis may be differentially 

affected by STZ-induced diabetes in a genotype-specific manner. In order to test this 

hypothesis, β-AMPK and β-ACCβ were both investigated in hearts isolated at both ZT6 and 

ZT18, through immunoblotting. In these analyses, a significant increase of in p-AMPK was 

observed in the hearts of STZ-diabetic mice, independent of genotype (Figure 3Ci–ii). In 

contrast, no significant differences in p-ACC were observed between the experimental 

groups (Figure 3Ciii–iv).

Previous studies in the liver suggest that the cell autonomous circadian clock influences β-

oxidation through the NAMPT/NAD+/SIRT/acetylation axis [48]. Consistent with circadian 

clock control of Nampt, significant time- and genotype- effects were observed for this gene 
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(Figure 3Di). However, neither a main effect of STZ nor an STZ-genotype interaction was 

observed (Figure 3Di). Next we investigated NAMPT protein levels, as well as lysine 

acetylation, in hearts. Consistent with lower Nampt mRNA in CCM hearts, NAMPT protein 

levels were decreased at both ZT6 and ZT18, independent of STZ-induced diabetes (Figure 

3Dii–iii). We have previously reported decreased NAD+ levels in CCM (versus WT) hearts 

[39], consistent with decreased NAMPT expression. Given that NAD+ is an essential co-

factor for Sirtuins (a family of deacetylases), we next investigated protein acetylation (only 

at ZT6). Somewhat surprisingly, acetylation was decreased in CCM hearts (main effect of 

genotype; Figure 3Div). However, neither a main effect of STZ-induced diabetes nor STZ-

genotype interaction were observed for protein acetylation (Figure 3Div).

Nine Weeks of STZ-Induced Diabetes did not Influence Contractile Function of the Heart

The data presented in Figure 3 suggests that metabolic adaptation of the heart to STZ-

induced diabetes is dependent on the cardiomyocyte circadian clock. Given the close 

relationship between myocardial metabolism and contractile function, we next investigated 

numerous parameters of cardiac contractile function for the four experimental groups, both 

ex vivo and in vivo.

At the gravimetric level, two-way ANOVA revealed a main effect of both STZ-induced 

diabetes and genotype on the bi-ventricular weight to tibia length ratio; this parameter was 

decreased by STZ-induced diabetes and increased in CCM hearts (Table 1). Decreased heart 

rate was observed in ex vivo perfused CCM hearts, independent of STZ-induced diabetes 

(Table 1). Echocardiography revealed a main effect of genotype on left ventricular posterior 

wall thickness (Table 1). All other parameters were unaffected by either STZ-induced 

diabetes or genotype (Table 1). No STZ-genotype interactions were observed for the 

parameters measured (Table 1). Collectively, these data suggest that 9 weeks of STZ-induced 

diabetes was not sufficient to induce overt diastolic or systolic dysfunction in mice, and that 

the cardiomyocyte circadian clock did not influence responsiveness of the heart to STZ-

induced diabetes, at the level of contractile function.

Impact of High Fat Diet Meal Feeding on Whole Body Adaptation in Mice

STZ-induced diabetes challenged the heart with an elevation of fatty acid availability 

independent of the time of day, which was associated with a differential metabolic 

adaptation of WT versus CCM hearts. Given that circadian clocks influence responsiveness 

of cells to extracellular stimuli in a time-of-day-dependent manner, we next decided to 

challenge the heart with increased fatty acid availability at distinct times of the day, through 

high fat diet meal feeding. High fat meals were given to mice at the beginning or end of the 

dark phase, since mice are nocturnal. Initially, 24-hour rhythms in food intake (fat 

consumption) and whole body substrate reliance (indicated by respiratory exchange ratio 

(RER)) were measured in WT mice in a non-invasive fashion, through use of the CLAMS. 

As predicted, EHF feeding resulted in a greater proportion of fat-derived calories being 

consumed at the beginning of the dark phase (relative to LHF feeding; Figure 4Ai). 

Conversely, LHF feeding resulted in greater fat consumption at the end of the dark phase 

(Figure 4Ai). Marked time-of-day-dependent differences in RER were observed between the 

experimental groups (Figure 4Aii). As anticipated, the 4 hour fasting period during the light 
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phase resulted in a rapid decline in RER, indicative of increased reliance on fatty acid 

oxidation (Figure 4Aii). Upon consumption of the control diet at the beginning of the dark 

phase, LHF fed mice increased RER dramatically, reaching a value of approximately 1 

(indicative of reliance on carbohydrate oxidation); RER increased to a lesser extent in EHF 

fed mice at this time (i.e., combination of both fat and carbohydrate oxidation; Figure 4Aii). 

Fasting for 4 hours during the dark phase resulted in a decline in RER in all mice (Figure 

4Aii). Re-feeding at ZT20 increased RER in both groups, with a slight, but significantly 

greater effect observed in EHF fed mice (Figure 4Aii). Plasma NEFA levels were next 

measured in the experimental groups at ZT16 and ZT24 (representing the end of the meal 

feeding phases). Consistent with feeding and RER patterns, at ZT16 plasma NEFA levels 

tended to be higher in EHF (versus LHF) fed mice. Conversely, at ZT24 plasma NEFA 

levels were elevated in LHF (versus EHF) fed mice (Figure 4Aiii). Similar observations 

were made for these parameters in CCM mice (data not shown).

Weekly body weight gain was similar between EHF and LHF fed mice, independent of 

genotype (Figure 4Bi). At the end of the experimental protocol, body fat was comparable 

between the four experimental groups (Figure 4Bii). Consistent with achievement of whole 

body metabolic homeostasis, no differences were observed between the experimental groups 

for total caloric intake or physical activity (Figure 4Biii–iv).

Differential Metabolic Adaptation of the Heart to High Fat Diet Meal Feeding in WT versus 
CCM Mice

Myocardial adaptation to time-of-day-dependent high fat diet meal feeding was next 

investigated; ex vivo working mouse hearts were utilized for assessment of cardiac substrate 

metabolism. Significant diet-genotype interactions were observed for oleate and endogenous 

substrate reliance, indicating a differential response of WT versus CCM hearts to time-of-

day-dependent high fat feeding (Figure 5Ai). More specifically, EHF feeding (relative to 

LHF) tended to increase reliance on oleate (fatty acid) oxidation in WT hearts, with a 

concomitant decreased in endogenous substrate reliance; these metabolic fluctuations were 

absent in CCM hearts (Figure 5Ai). In contrast, neither reliance on glucose oxidation, nor 

rates of myocardial oxygen consumption and 14Clabeled lactate release were significantly 

influenced by diet or genotype (Figure 5Ai–iii). Genotype-dependent differences in 

endogenous substrate reliance were not readily explained by alterations in energy stores; 

myocardial glycogen content was significantly increased, while triglyceride content tended 

to be higher, in WT EHF versus LHF hearts prior to ex vivo heart perfusions, regardless of 

genotype (Figure 5Aiv–v). Interestingly, myocardial glycogen content in CCM mice 

exhibited a significant differential response to time-of-day-dependent high fat meal feeding, 

as evidenced by a significant diet-genotype interaction (Figure 5Aiv). Collectively, these 

data reveal a differential metabolic adaptation of CCM hearts to the meal feeding regimes.

Similar to the STZ-induced diabetes sub-study, we next investigated candidate 

transcriptional and posttranslational mechanisms that might provide mechanistic insight 

regarding differential adaptation of CCM hearts to high fat diet meal feeding. Investigation 

of metabolism-relevant PPARα-target genes revealed main effects of the dietary regime for 2 

genes (Cte1 and Ucp3) and main effects of time for 5 genes (Cte1, Cd36, Pdk4, Ucp3, and 
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Mcd) (Figure 5Bi–vi). Although distinct genes exhibited diet-time and genotype-time 

interactions, none exhibited significant diet-genotype interactions, indicating a lack of 

differential transcriptional adaptation of WT versus CCM hearts to time-of-day-dependent 

high fat meal feeding. However, it is noteworthy that all 6 genes investigated exhibited a 

main effect of genotype; given that all mice received a high fat diet meal, and that ad libitum 

fed control diet mice exhibit a main effect of genotype for only Cte1 (Figure 5Bi), these 

observations suggest a differential response of CCM hearts to high fat diet meal feeding 

(independent of the time at which the meal is give during the dark phase).

Next, we investigated both the AMPK/ACCβ and the NAMPT/acetylation axis (at ZT6). In 

the former case, no significant effects of genotype or dietary regime were observed for p-

AMPK or p-ACC (Figure 5Ci–ii); the non-significant trend towards increased 

phosphorylation of AMPK and ACC in WT LHF heart is counterintuitive with respect to 

lower reliance on fatty acid oxidation observed in this experimental group. Similar to the 

observations in the STZ-induced diabetes study, a main effect of genotype was found for 

Nampt mRNA, NAMPT protein, and protein acetylation (all decreased in CCM hearts; 

Figure 5Di–iii). However, no diet-genotype interactions were observed for these parameters 

(Figure 5Di–iii).

Effects of High Fat Diet Meal Feeding on Contractile Function of the Heart

Next, indices of cardiac function were assessed in the four experimental groups (Table 2). 

For the high fat meal feeding study, no significant differences in the biventricular weight to 

tibia length ratio were observed with respect to diet (Table 2). Consistent with the STZ-

induced diabetes sub-study, a main effect of genotype was observed for the bi-ventricular 

weight to tibia length ratio (Table 2). Assessment of various cardiac function parameters 

during ex vivo perfusions revealed only a main effect of genotype for heart rate, which was 

reduced in CCM hearts (Table 2). Interestingly, there was a trend for increased rate pressure 

product in EHF fed WT mice compared to LHF fed WT mice (6654±479 and 5796±455 

mmHg, respectively; p=0.08); this trend was not observed in CCM hearts (Table 2). 

Echocardiography was not performed for the high fat diet meal feeding sub-study. 

Collectively, these data suggest that EHF (versus LHF) feeding may confer improvement in, 

or maintenance of, cardiac function in a CLOCK-dependent manner.

DISCUSSION

The purpose of the present study was to investigate whether disruption of the cardiomyocyte 

circadian clock influences adaptation of the heart to prolonged elevations in fatty acid 

availability (using two distinct models of elevated fatty acid availability in vivo; STZ-

induced diabetes and time-of-day-dependent high fat diet meal feeding). The main finding of 

the study is that CLOCK (a circadian clock component) is important for metabolic 

adaptation of the heart to elevated fatty acids. More specifically, perturbations in fatty acid 

oxidation reliance and endogenous substrate reliance in response to STZ-diabetes and high 

fat meal feeding were attenuated in CCM hearts. Secondary observations included: 1) 

induction of Cte1 at the transcriptional level in response to STZ-diabetes is blunted in CCM 

hearts; and 2) EHF feeding in WT mice tends to improve cardiac function relative to LHF 
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feeding, an effect that is absent in CCM hearts. Collectively, these data reveal that distinct 

levels of cardiac adaptation to chronic elevations in fatty acid availability are attenuated in 

cardiomyocyte-specific CLOCK mutant mice.

We have previously reported that the rodent heart exhibits increased transcriptional 

responsiveness to fatty acids during the dark/active phase, relative to the light/inactive phase 

[49]. Furthermore, induction of fatty acid responsive genes in the heart during a 12-hour fast 

was attenuated in CCM mice, suggesting that acute transcriptional responsiveness of the 

heart is dependent on the cardiomyocyte circadian clock [31]. More recently, we have 

reported a differential myocardial response of a distinct genetic model of cardiomyocyte 

circadian clock disruption (namely cardiomyocyte-specific BMAL1 knockout mice) to acute 

(16-hour) fasting at the metabolic flux level [21]. However, whether the cardiomyocyte 

circadian clock impacts adaptation of the heart to prolonged elevations in fatty acids is not 

known. The current study therefore sought to address this question. STZ-diabetes increased 

reliance of WT hearts on fatty acid oxidation, which was associated with decreased reliance 

on endogenous substrate oxidation (Figure 3A). This metabolic switch was attenuated in 

CCM hearts (Figure 3A). A similar differential response between WT and CCM hearts to 

EHF versus LHF feeding was observed for fatty acid and endogenous substrate reliance 

(Figure 5A), as well as glycogen content, revealing an important role for the transcription 

factor CLOCK in myocardial metabolic adaptation. Interestingly, we have previously 

reported that hearts isolated from WT mice fed a high fat diet only during the dark/active 

period exhibit increased rates of fatty acid oxidation relative to WT mice fed the same diet 

only during the light/sleep phase [33]. Combined with the observations of the current study, 

we postulate that the first four hours of the dark/active period is a critical time during which 

exposure of the heart to dietary fatty acids promotes myocardial fatty acid oxidation, which 

is dependent on a functional CLOCK protein.

Two important questions arose following the observation that CLOCK impacts myocardial 

metabolic adaptation to chronic elevations of fatty acid levels, namely: 1) by what 

mechanisms does this occur; and 2) what are the functional consequences? Regarding the 

former, several possibilities exist, including modulation of transcriptional and post-

translational processes. The circadian clock mechanism is primarily transcriptional in nature, 

consisting of a network of more than 15 transcriptional modulators (of which CLOCK is 

one) [50]. Direct regulation of metabolically-relevant genes would therefore have the 

potential to modulate metabolic processes in a time-of-day-dependent manner. 

Approximately 13% and 8% of the cardiac transcriptome and proteome (respectively) have 

been shown to oscillate over the course of the day in mice [51, 52]. Many of these gene and 

protein expression oscillations are lost following genetic disruption of the cardiomyocyte 

circadian clock (i.e., CCM and CBK mice) [20, 21, 52]. Furthermore, a significant portion of 

these genes/proteins are directly involved in metabolism. For these reasons, we initially 

investigated expression of a multiple candidate genes known to encode for key metabolic 

modulators. This included interrogation of fatty acid responsive genes and known circadian 

clock controlled genes. Of these, Cte1 emerged as a potential mechanistic link. Encoding for 

cytosolic thioesterase 1 [53], the expression of this PPARα-responsive gene during STZ-

diabetes and high fat meal feeding was significantly attenuated in CCM hearts (Figures 3B 

and 5B). Although revealing an important role for CLOCK in transcriptional adaptation of 

Peliciari-Garcia et al. Page 12

Biochim Biophys Acta. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the heart to fatty acids, the lack of a differential response of CTE1 protein levels in CCM 

(versus WT) hearts during STZ-induced diabetes suggests that additional mechanisms likely 

play important roles in linking the cardiomyocyte circadian clock with myocardial metabolic 

adaptation.

Several post-translational modifications have emerged as being critical not only for signaling 

from the circadian clock to cellular processes, but also for normal function of the clock 

itself. These include phosphorylation, ADP-ribosylation, O-GlcNAcylation, and acetylation 

[39, 54–56]. The AMPK/ACC axis is an excellent example, wherein AMPK activation leads 

to phosphorylation and inhibition of ACCβ, thereby decreasing malonyl-CoA levels and 

increasing rates of β-oxidation. However, our findings (Figures 3C and 5C) are not 

consistent with a major role for this axis in CLOCK modulation of heart responsiveness to 

fatty acids. The circadian clock is able to affect several posttranslational modifications 

through influences on cellular NAD+ levels over the course of the day, via direct regulation 

of the NAD+ salvage pathway component NAMPT [48]. In doing so, protein acetylation 

exhibits a diurnal oscillation in many metabolically-active peripheral tissues, likely via 

modulation of sirtuins (deacetylases) [57]. A hypothetical model has been proposed for the 

liver, wherein chronic circadian clock disruption diminishes NAMPT and NAD+ levels, 

resulting in increased protein acetylation and inhibition of fatty acid oxidation (through, for 

example, acetylation of β-oxidation enzymes, such as acyl-CoA dehydrogenases) [48]. 

Consistent with our previously published observations that CCM mice exhibit decreased 

myocardial NAD+ levels [39], here we report diminished Nampt mRNA and NAMPT 

protein levels (Figures 3D and 5D). However, global protein acetylation was significantly 

decreased (not increased) in CCM hearts (Figure 3D and 5D). These observations, in 

addition to reports that increased protein acetylation is associated with augmentation of fatty 

acid oxidation in the heart [58], suggest that alternative mechanisms may be in operation in 

the heart relative to the liver. It is important to note that the possibility exists that lysine 

acetylation of distinct, metabolically-relevant proteins (e.g., MCAD) could be increased in 

CCM hearts.

Chronic periods of imbalanced fatty acid availability and utilization can result in 

accumulation of fatty acyl species within the heart, perturbations in cellular signaling, and 

even cardiomyocyte apoptosis; if persistent, this may precipitate contractile dysfunction 

[29]. We therefore investigated whether the cardiomyocyte circadian clock impacted the 

contractile function response of the heart to increased fatty acid availability. Somewhat 

surprisingly, 9 weeks of uncontrolled STZ-induced diabetes did not negatively impact 

cardiac function in either WT or CCM mice (Table 1). In the high fat diet meal feeding sub-

study, we observed that hearts from LHF fed WT mice tend to exhibit lower rate pressure 

product compared to EHF fed mice; this differential response of contractile function to EHF 

versus LHF feeding was absent in CCM mice (Table 2). Previous studies have reported that 

WT mice fed a high fat diet during the active (dark) phase exhibit elevated cardiac function 

and rates of fatty acid oxidation relative to mice fed the same diet during the sleep (light) 

phase [33]. It is tempting to speculate that consumption of a high fat meal during the first 

four hours of the active (dark) phase facilitates preservation/improvement of cardiac function 

by appropriately balancing fatty acid utilization with availability.
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In summary, the present study suggests that CLOCK plays an important role in the 

metabolic adaptation of the heart to prolonged elevations in fatty acid availability. A number 

of candidate mechanisms linking the cardiomyocyte circadian clock to metabolic adaptation 

were investigated, although none were established in a causative manner. The study also 

reports that the time-of-day at which a high fat meal is consumed tends to impact cardiac 

function (again in a CLOCK-dependent manner). These findings are consistent with the 

hypothesis that consumption of calorically dense meals at the beginning of the active period 

potentially elicits benefit to the heart, relative to consumption of such a meal at the end of 

active period.
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Highlights

1. CLOCK is important for myocardial metabolic adaption to fatty acids.

2. CLOCK disruption attenuates myocardial transcriptional 

responsiveness to diabetes.

3. High fat meal at the start of the active phase improves myocardial 

function.
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Figure 1. 
Experimental design for high fat diet meal feeding study. The diagram illustrates the feeding 

regimes used in the current study; early (EHF) and late (LHF) high fat diet meal feeding. 

Mice were fed either control or high fat diets in a time-of-day-dependent manner, as outlined 

in the figure and in the Methods. Feeding regimes were enforced for a 9 weeks period.
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Figure 2. 
Impact of STZ-induced diabetes on whole body adaptation in mice. (A) i) Plasma insulin, ii) 

glucose, and iii) NEFA levels in STZ/Vehicle mice. Data shown as mean ± SEM for 6 

mice/ZT/experimental group. (B) i) Body weight change. ii) body fat, iii) total caloric 

intake, and iv) physical activity (arbitrary units; A.U.). Data shown as mean ± SEM for 12 

mice/experimental group in panel i, and 6 mice/experimental group in panels ii-iii. *, p<0.05 

for WT vehicle versus WT STZ; #, p<0.05 for CCM vehicle versus CCM STZ.
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Figure 3. 
Differential metabolic adaptation of the heart to STZ-induced diabetes in WT versus CCM 

mice. (A) i) Substrate reliance, ii) Glucose oxidation reliance, iii) myocardial oxygen 

consumption, iv) 14C-lactate release rate, v) myocardial glycogen levels, and vi) myocardial 

triglyceride levels. Data shown as mean ± SEM for 6 mice/experimental group. *, p<0.05 for 

WT vehicle versus WT STZ. (B) i) Cte1 mRNA, ii) Cd36 mRNA, iii) Pdk4 mRNA, iv) 

Ucp3 mRNA, v) Mcad mRNA, vi) Mcd mRNA, vii) CTE1 protein levels at ZT6, and viii 

CTE1 protein levels at ZT18. Data shown as mean ± SEM for 6 mice/ZT/experimental 

group. *, p<0.05 for WT vehicle versus WT STZ; #, p<0.05 for CCM vehicle versus CCM 

STZ. (C) i) p-AMPK/t-AMPK at ZT6, ii) p-AMPK/t-AMPK at ZT18, iii) p-ACC/t-ACC at 

ZT6, and iv) p-ACC/t-ACC at ZT6. Data shown as mean ± SEM for 6 mice/experimental 

group. (D) i) Nampt mRNA, ii) NAMPT protein levels at ZT6, iii) NAMPT protein levels at 

ZT18, and iv) protein acetyl-lysine levels at ZT6. Data shown as mean ± SEM for 6 

mice/ZT/experimental group.
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Figure 4. 
Impact of high fat diet meal feeding on whole body adaptation in mice. (A) i) Fat caloric 

intake, ii) respiratory exchange ratio (RER), and iii) plasma NEFA levels. Data shown as 

mean ± SEM for 21 mice/experimental group in panels i-ii and 3 mice/ZT/experimental 

group in panel iii. *, p<0.05 for EHF vehicle LHF at ZT24. (B) i) Body weight change. ii) 

body fat, iii) total caloric intake, and iv) physical activity. Data shown as mean ± SEM for 6 

mice/experimental group in panel ii and 21 mice/experimental group in panels iii-iv.
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Figure 5. 
Differential metabolic adaptation of the heart to high fat diet meal feeding in WT versus 

CCM mice. (A) i) Substrate reliance. ii) myocardial oxygen consumption, iii) 14C-lactate 

release rate, iv) myocardial glycogen levels, and v) myocardial triglyceride levels. Data 

shown as mean ± SEM for 6 mice/experimental group in panels i-iii and 12 mice/

experimental group in panels iv-v. (B) i) Cte1 mRNA, ii) Cd36 mRNA, iii) Pdk4 mRNA, iv) 

Ucp3 mRNA, v) Mcad mRNA, and vi) Mcd mRNA. Data shown as mean ± SEM for 6 

mice/ZT/experimental group. (C) i) p-AMPK/t-AMPK at ZT6, and ii) p-ACC/t-ACC at 

ZT6. Data shown as mean ± SEM for 6 mice/experimental group. (D) i) Nampt mRNA, ii) 

NAMPT protein at ZT6, and iii) protein acetyl-lysine levels at ZT6. Data shown as mean ± 

SEM for 6 mice/ZT/experimental group.
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Table 1

Parameters of cardiac contractile function in the STZ-induced diabetes sub-study.

Analyzed parameters WT CCM

Ex vivo Vehicle STZ Vehicle STZ

Heart weight (mg)/tibia length (mm) 7.11±0.11 6.90±0.10a 8.03±0.11b 7.70±0.11a,b

Heart rate (bpm) 352±18 347±27 290±28b 279±11b

Developed pressure (mmHg) 16.5±1.1 19.8±2.2 20.2±1.6 22.2±1.1

Rate pressure product (mmHg*bpm) 5796±455 6654±479 5706±381 6162±242

Cardiac power (mW) 1.15±0.04 1.16±0.08 1.01 ±0.08 1.07±0.07

In vivo

E/A 1.72±0.06 1.70±0.09 1.62±0.03 1.62±0.07

E/E’ 38.0±2.7 31.8±1.3 34.5±2.4 34.8±2.6

Left ventricular fractional shortening (%) 28.2±1.6 30.5±2.1 32.1 ±2.4 30.4±1.8

Left ventricular ejection fraction (%) 54.8±2.5 58.3±2.9 60.2±3.4 57.9±2.6

Left ventricular volume (diastole; µL) 64.6±1.4 57.9±2.7 62.2±2.7 62.8±2.3

Left ventricular posterior wall thickness (diastole; mm) 0.88±0.05 0.91 ±0.02 1.04±0.06b 0.93±0.03b

Two-way ANOVA:

a
p<0.05 for STZ main effect;

b
p<0.05 for genotype main effect.

Data shown as mean ± SEM for 33 mice/experimental group for heart weight, 6 mice/experimental group for all other ex vivo parameters (working 
heart perfusions), and 9 mice/experimental group for all in vivo parameters (echocardiography). Mitral valve inflow pattern determines the E/A 
ratio, where E is obtained due to the passive inflow from left atrium (LA) to left ventricle (LV), and A is active inflow when LA contracts. Tissue 
Doppler imaging (TDI) E/E’ is preload independent. For additional details, see the Materials and Methods section.
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Table 2

Parameters of cardiac contractile function in the high fat diet meal feeding sub-study.

Analyzed Parameters WT CCM

Ex vivo EHF LHF EHF LHF

Heart weight (mg)/tibia length (mm) 6.84±0.15 6.69±0.10 7.38±0.10b 7.53±0.12b

Heart rate (bpm) 342±19 309±24 278±14b 282±19b

Developed pressure (mmHg) 20.1±1.5 17.5±0.8 19.1±1.6 17.9±2.5

Rate pressure product (mmHg*bpm) 6784±345 5332±317 5277±388 5052±712

Cardiac power (mW) 1.28±0.06 1.27±0.09 1.13±0.09 1.16±0.12

Two-way ANOVA:

b
p<0.05 for genotype main effect.

Data shown as mean ± SEM for 21 mice/experimental group for heart weight, and 6 mice/experimental group for all other ex vivo parameters 
(working heart perfusions).
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