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Abstract

Cardiovascular physiology exhibits time-of-day-dependent oscillations, which are mediated by
both extrinsic (e.g., environment/behavior) and intrinsic (e.g., circadian clock) factors. Disruption
of circadian rhythms negatively affects multiple cardiometabolic parameters. Recent studies
suggest that the cardiomyocyte circadian clock directly modulates responsiveness of the heart to
metabolic stimuli (e.g., fatty acids) and stresses (e.g., ischemia/reperfusion). The aim of this study
was to determine whether genetic disruption of the cardiomyocyte circadian clock impacts insulin-
regulated pathways in the heart. Genetic disruption of the circadian clock in cardiomyocyte-
specific Bmall knockout (CBK) and cardiomyocyte-specific Clock mutant (CCM) mice altered
expression (gene and protein) of multiple insulin signaling components in the heart, including
p85a and Akt. Both baseline and insulin-mediated Akt activation was augmented in CBK and
CCM hearts (relative to littermate controls). However, insulin-mediated glucose utilization (both
oxidative and non-oxidative) and AS160 phosphorylation were attenuated in CBK hearts,
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potentially secondary to decreased Inhibitor-1. Consistent with increased Akt activation in CBK
hearts, mTOR signaling was persistently increased, which was associated with attenuation of
autophagy, augmented rates of protein synthesis, and hypertrophy. Importantly, pharmacological
inhibition of MTOR (rapamycin; 10 days) normalized cardiac size in CBK mice. These data
suggest that disruption of cardiomyocyte circadian clock differentially influences insulin-regulated
processes, and provide new insights into potential pathologic mediators following circadian
disruption.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death in the United States and
industrialized countries world-wide.(1) Diabetes mellitus increases the incidence of CVD,
and worsens outcomes.(2) The most common form of diabetes is type 2 diabetes, which is
characterized by both insulin resistance and insulin insufficiency.(3) Peripheral tissues
exhibit differential insulin resistance, in terms of the impact on both distinct organs and
intracellular signaling branches, which contributes to pathogenesis of the disease. In the case
of the heart, insulin influences a host of processes central to cardiac function, ranging from
glucose uptake and utilization, to the turnover of cellular constituents (e.g., protein,
organelles).(4,5) Despite hyperactivation of the insulin signaling pathway in type 2 diabetes,
insulin-mediated glucose uptake is repressed. The contribution of aberrant cardiac insulin
signaling toward the development of heart failure in diabetes has recently been reviewed.(6)

Twenty-four-hour cycles have been observed for various biological functions, in essentially
all species.(7,8) These oscillations are driven by both extrinsic and intrinsic factors. The
latter includes the cell autonomous circadian clock, a sophisticated transcription-translation
feedback loop mechanism that temporally partitions cellular processes. Two critical clock
components include brain and muscle arnt-like 1 (Bmall) and circadian locomotor output
cycles kaput (Clock), which bind to conserved E-boxes in the promoter region of clock
controlled genes (as a heterodimer), resulting in 24-hour oscillations in gene expression (and
ultimately biologic processes).(9,10) Although originally identified in the suprachiasmatic
nucleus (SCN), this transcriptional network has been described in virtually all mammalian
cells/organs, influencing processes ranging from the whole body (e.g., behaviors) to cellular
levels (e.g., metabolism/signaling).(7,8) In doing so, circadian clocks temporally orchestrate
biologic/cellular functions, ensuring appropriate responses to predicted environmental
stimuli/stresses.

Circadian disruption, whether environmental (e.g., shift work) or genetic (e.g.,
polymorphisms), increases the risk of obesity, diabetes, and CVD.(11-14) The clinical
impact of abnormal 24-hr rhythms is underscored by observations such as non-dipping
hypertension, which results in greater risk of adverse cardiac events relative to dipping
hypertension.(15,16) Consistent with these reports, animal studies indicate that germline
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knockout of circadian clock components increases adiposity, alters insulin secretion/
sensitivity, impacts blood pressure, and impairs contractile function of the heart.(17-20)
Moreover, circadian clocks are altered during various pathologies, including obesity,
diabetes, and hypertension.(21-23) Collectively, these observations suggest that disruption
of circadian clocks may play a causal role in the development of cardiometabolic diseases.

Recent studies suggest that the cardiomyocyte circadian clock influences numerous
processes essential for maintenance of cardiac function, including metabolism, electrical
activity, and cell signaling.(24-26) In the latter case, we have reported that the
cardiomyocyte circadian clock influences responsiveness of the heart to both physiologic
(e.g., fatty acids) and pathologic (e.g., ischemia/reperfusion) stimuli/stresses.(27-29) We
now show that genetic disruption of the cardiomyocyte circadian clock leads to alterations in
gene/protein expression of multiple insulin signaling components. This results in chronic
activation of the Akt/mTOR/S6 signaling axis, increased protein synthesis, and increased
cardiac size; the latter are normalized by pharmacologic inhibition of mTOR. Chronic
mTOR activation is also associated with inhibition of autophagy. Conversely, despite chronic
activation of Akt, insulin-mediated glucose utilization was attenuated following circadian
disruption. These studies highlight a critical role of the cardiomyocyte circadian clock in
regulating myocardial insulin signaling/sensitivity, and suggest that circadian disruption
differentially influences distinct branches of the insulin signaling cascade known to regulate
critical cardiac processes.

The cardiomyocyte circadian clock was genetically ablated by targeting BMAL1 and
CLOCK, as described previously.(24,25) Twelve to sixteen week old male cardiomyocyte-
specific Bmall knockout (CBK; BMAL1oX/flox/q .M HC-CRE*/") and littermate control
mice (CON; BMAL1lox/flox;mMHC-CRE™-) on the C57BL/J6 background were utilized, as
well as cardiomyocyte-specific Clock mutant (CCM; a-MHC-dnCLOCK*/") and littermate
control mice (WT; a-MHC-dnCLOCK™") on the FVB/N background. Mice were kept in
temperature, humidity, and light-controlled rooms on a strictly enforced 12-hour light/12-
hour dark schedule, where ZTO refers to the beginning of the light phase and ZT12 refers to
the beginning of the dark phase. All experimental protocols were approved by the
Institutional Animal Care and Use Committee at the University of Alabama at Birmingham.
It is noteworthy that the current study utilized CCM mice as a secondary model of
cardiomyocyte-specific circadian clock disruption, and as such the data obtained for this
model is located in supplemental figures.

Rapamycin Feeding

In select experiments, mice were provided food supplemented with encapsulated rapamycin
at 42ppm (eRAPA, Rapamycin Holdings Inc., San Antonio, TX); diet containing
encapsulation material was used as a control.
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In vivo Insulin Challenge

Mice were fasted for 6 hours prior to anesthetization (400 mg/kg chloral hydrate), followed
by administration of insulin (0.167 U/kg; a sub-maximal insulin level, determined by initial
dose-response studies [data not shown]) or vehicle (saline) via the inferior vena cava (at ZTO
or ZT12). Hearts were isolated and snap frozen in liquid nitrogen 5 minutes after insulin/
saline administration. Frozen hearts were stored at —80°C, and subsequently utilized for
Western blot analysis.

Ex vivo Myocardial Insulin Challenge

Hearts were isolated (at ZTO or ZT12) and perfused in the non-recirculating working mode
as described previously.(24,25) A subset of hearts were challenged with insulin (100
puU/mL) for 5 minutes, and subsequently utilized for Western blot analysis. A second set of
hearts were challenged with insulin (0, 10, or 100 pU/mL) for 30 minutes, during which
time metabolic fluxes were measured via addition of metabolic tracers: D-[U-14C]-glucose
(0.20 mCi/L; oxidative and non-oxidative glucose utilization) and L-[2,3,4,5,6-3H]-
phenylalanine (0.20 mCi/L; protein synthesis).(30) More specifically, the following was
assessed: 1) full oxidation of exogenous glucose by following the release of [14C]-CO, into
the perfusate (i.e., exogenous glucose oxidation; (31)); 2) the anaerobic catabolism of
exogenous glucose to lactate by following the release of [14C]-lactate into the perfusate (i.e.,
a non-absolute measure that correlates with glucose uptake plus glycolysis; (32)); 3) the net
incorporation of exogenous glucose into glycogen by following the generation of [14C]-
glycogen (i.e., net glycogen synthesis; (33)); and 4) the net incorporation of exogenous
phenylalanine into protein by following the generation of [3H]-protein (i.e., net protein
synthesis; (34)). In the case of [1*C]-CO, and [14C]-lactate release, coronary effluent was
collected at 5-minute intervals during the perfusion, and data are presented as steady state
values (i.e., the last 10 minutes of the perfusion protocol). In the case of net glycogen and
protein synthesis, hearts were freeze clamped at the end of the perfusion protocol, followed
by extraction of [14C]-glycogen and [3H]-protein, as described previously.(33,35)

In vivo Protein Synthesis

Mice were injected via tail vein with 150 mM Phenylalanine plus L-[2,3,4,5,6-3H]
Phenylalanine (0.18 mCi/kg), according to the flooding dose technique.(35) Myocardial
protein was precipitated and washed with 10% trichloroacetic acid, neutralized with 1 N
NaOH, and counted in a scintillation counter (Beckman Coulter).

Quantitative RT-PCR

RNA was extracted from hearts followed by assessment of gene expression using standard
procedures as described previously.(36,37) Gene expression analysis of insulin signaling and
autophagic components (/nst, Irs1, Irs2, Pik3ca, Pik3rl, Papkl, Aktl, AktZ, As160, Gsk3p,
1-1, Mror, Ulk1, Lc3, P62) was performed using conventional methods with SYBR Green;
primer sequences are included in Supplemental Table 1. All RT-PCR data were normalized
to the average expression of three different housekeeping genes: acidic ribosomal
phosphoprotein PO (36B4), hypoxanthine phosphoribosyltransferase 1 (Hpri), and TATA-

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McGinnis et al.

Page 5

binding protein ( 7Hp), as described previously.(38) AACt values are represented as fold
change from a designated control group.

Western Blotting

Qualitative analysis of protein expression and phosphorylation status was performed via
standard western blotting procedures as described previously.(39) Briefly, 20 pg protein
lysate was separated on polyacrylamide gels and transferred to PVDF membranes.
Membranes were probed for the following targets: IRS1 (Cell Signaling 3194), p-IRS1TYr612
(Abcam ab66153), p110a (Cell Signaling 4255), p85a. (Abcam ab22653), p-PDPK15€er241
(Cell Signaling 3438), PDPK1 (Cell Signaling 3062), p-AktSer473 (Cell Signaling 9271), p-
AktThr308 (Cell Signaling 9275), Akt (Cell Signaling 9272), p-AS1607"642 (Cell Signaling
8881), AS160 (Millipore 07-741), p-GSK3pSerd (Cell Signaling 9336), GSK3a/p (Santa
Cruz 7291), Inhibitor-1 (Abcam 40877), p-mTORSe2448 (Cell Signaling 2971), mTOR (Cell
Signaling 2983), p-UIk15€757 (Cell Signaling 6888), Ulk1 (Sigma Aldrich A7481), LC3A/B
(Cell Signaling 12741), p62 (Abnova H00008878-MOQ1), p-S65€r240/244 (Cell Signaling
2215), S6 (Cell Signaling 2317), p-4EBP1TNr37/46 (Cel| Signaling 2855), 4EBP1 (Cell
Signaling 9452), GLUT1 (Abcam ab40084), GLUT4 (Millipore 07-1404), Hexokinase Il
(Cell Signaling 2867), Calsequestrin (Abcam ab3516). Rabbit and mouse HRP-conjugated
secondary antibodies (Santa Cruz sc-2004 and sc-2005, respectively) were used for
chemiluminescent detection with Luminata Forte Western Blotting substrate (Millipore).
Importantly, due to the nature of time course studies, in order to minimize the contribution
that position on the gel might have on outcomes, samples were randomized on gels; samples
were re-ordered post-imaging, only for the sake of illustration of representative images
(note, all bands for representative images for an individual experiment were from the same

gel).

Electron Microscopy

Myocardial apex samples harvested from 16-hr fasted mice were fixed in a modified
Karnovsky’s fixative (2% Paraformaldehyde/2% Glutaraldehyde in 0.1M Phosphate Buffer),
embedded, and sectioned at 70-90 nm using standard EM techniques, followed by imaging
at the High Resolution Imaging Facility at the University of Alabama at Birmingham using a
Tecnai T12 Spirit (FEI, Hillsboro, OR).(40)

Statistical analysis

Results

Statistical analyses were performed using student t-tests (Excel 2010) and two-way ANOVA
(SPSS, IBM Software) followed by LSD post hoc analyses for pair-wise comparisons, as
described previously. In all analyses, the null hypothesis of no model effects was rejected at
p <0.05.

Genetic disruption of the cardiomyocyte circadian clock alters expression of key insulin
signaling components in the heart

To investigate whether disruption of the cardiomyocyte circadian clock might influence
insulin signaling in the heart, mMRNA levels of insulin signaling components were measured
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in hearts isolated from CBK and littermate CON mice at the beginning of the light phase
(ZT0), the middle of the light phase (ZT6), the beginning of the dark phase (ZT12), and the
middle of the dark phase (ZT18). This analysis revealed significant time main effects for
Irs1, Aktl, and Akt2 (and a trend for Pik3r1; p=0.079), as well as significant genotype main
effects for | nsr, 1rs1, Pik3rl, Aktl, and Akt2, of the latter genes, /nsr, Pik3r1, Akt1, and
Akt2were significantly lower in CBK than in CON hearts (Figure 1A). A similar analysis of
CCM (a second model of cardiomyocyte-specific circadian clock disruption) and CON
hearts showed significant time main effects for /75, in addition to significant genotype main
effects for /rs2, pik3r1, and aktl; CCM hearts exhibit decreased expression of /rs2, Pik3r1,
and Akt (Supplemental Figure 1A). Collectively, these data suggest that genetic disruption
of the cardiomyocyte circadian clock attenuates gene expression of distinct insulin signaling
components in the heart, particularly Pik3r1 and Ak¢ (i.e., decreased in both CBK and
CCM hearts).

Next, we assessed whether transcriptional alterations following genetic disruption of the
cardiomyocyte circadian clock were associated with parallel changes in protein levels. This
analysis revealed a significant time main effect for Akt, as well as genotype main effects for
IRS1, p85a (encoded by Pik3ri), PDPK1, and Akt (Figure 1B). Consistent with alterations
in mRNA levels (Figure 1A), p85a, PDPK1, and Akt were decreased in CBK hearts (by
20%, 50%, and 30%, respectively). In contrast, IRS1 was increased almost 2-fold in CBK
hearts (consistent with increased mRNA levels; Figures 1A-B). Similar to findings in CBK
mice, we observed decreased p85a, PDPK1, and Akt protein levels in CCM hearts (versus
CON hearts; Supplemental Figure 1B). Collectively, these data suggest that genetic
disruption of the cardiomyocyte clock decreases protein levels of multiple insulin signaling
components in the heart, including p85a., PDPK1, and Akt.

Differential myocardial insulin signaling/sensitivity following cardiomyocyte clock

disruption

Next, we evaluated whether myocardial insulin signaling/sensitivity is altered following
genetic disruption of the cardiomyocyte circadian clock. Initially, the phosphorylation status
of insulin signaling components was assessed in hearts isolated from ad /ibitum fed CBK,
CCM, and littermate CON mice, at distinct times of the day. Due to observed genotype-
specific alterations in total protein levels for distinct insulin signaling components, phospho-
proteins were normalized to calsequestrin; normalization to total protein levels can be found
in Supplemental Figure 3. Regarding CBK versus CON hearts, there were significant time
main effects for p-AktSe73 and p-AktThr308 and a significant genotype main effect for p-
AktSer473 (as well as a trend for p-AktThr308; n=0.087) (Figure 2A). p-AktSer473 was
chronically increased at all times of day in CBK hearts (by approximately 2-fold). Although
no significant genotype main effects were observed for phospho-proteins in CCM hearts, a
time main effect was observed for p-AktT""308 (Supplemental Figure 2A).

We next evaluated whether disruption of the cardiomyocyte circadian clock influences
myocardial insulin sensitivity by investigating insulin-mediated Akt phosphorylation in vivo.
After a 6-hr fast, CBK, CCM, and littermate CON mice were challenged with insulin or
saline (vehicle) at either ZTO or ZT12. In CON mice, insulin increased p-AktSe™73 and p-
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AktThr308 jndependent of the time-of-day (Figure 2B). Insulin-mediated activation of p-
AktSer473 and p-AktThr308 was significantly higher in CBK hearts (relative to CON hearts),
independent of time-of-day (Figure 2B). Similarly, an augmented response to insulin was
observed in CCM (compared to CON) hearts, particularly at ZT12 (Supplemental Figure
2B). In an attempt to eliminate potential neurohumoral factors influencing insulin sensitivity
in vivo, CBK and littermate CON hearts were then challenged ex vivo with insulin (100
pU/mL) for 5-min at ZT0 and ZT12; CCM hearts were not investigated ex vivo. Similar to
observations /n vivo, isolated perfused CBK hearts showed increased insulin-mediated
activation of p-AktSer73 particularly at ZT12 (Figure 2C). Collectively, these data suggest
that genetic disruption of the cardiomyocyte circadian clock enhances insulin-mediated Akt
phosphorylation in the heart.

Insulin-mediated glucose metabolism is attenuated in CBK hearts

We next investigated whether perturbations in insulin signaling/sensitivity following genetic
disruption of the cardiomyocyte circadian clock influenced insulin-regulated processes.
First, we assessed glucose utilization. Accordingly, CBK and littermate CON hearts were
perfused ex vivo in the working mode for 30-min under baseline, sub-maximal (10 pU/mL),
and maximal (100 pU/ml) insulin stimulation conditions; only a single time of day (ZT12)
was investigated. Insulin dose-dependently increased both p-AktSer473 and p- AktThr308
(Figure 3A). Moreover, p-AktSer473 Jevels were augmented in CBK (relative to CON) hearts,
at all insulin concentration. Although p-AktTh"308 tended to be higher in CBK hearts at basal
and sub-maximal conditions, it was significantly lower following maximal insulin
stimulation (Figure 3A). In marked contrast, insulin-mediated glucose utilization (both
oxidative ([14C]-CO; release) and non-oxidative ([14C]-lactate release and net [14C]-
glycogen synthesis)) was significantly attenuated in CBK (compared to CON) hearts (Figure
3B). To address the apparent disconnect between Akt signaling and glucose utilization, the
Akt targets AS160 (involved in GLUT4 trafficking and glucose uptake) and GSK3p
(involved in regulation of glycogen synthesis) were assessed in CBK and littermate CON
hearts. Consistent with attenuated glucose utilization, CBK hearts exhibited decreased
insulin-mediated p-AS1607M642 relative to CON hearts (Figure 3C). Similarly, p-
AS160TM642 was lower in CBK hearts isolated from ad /ibitum fed mice, independent of the
time-of-day; AS160 total protein was also reduced in CBK mice (as well as a trend for
decreased mRNA levels in CBK mice [p = 0.10]; Figure 3D). Although p-GSK3p5¢™ is
lower in CBK hearts independent of the time-of-day (in the absence of alterations in total
protein or mRNA levels; Figure 3D), ex vivo insulin stimulation normalized p-GSK3pSer?
levels (Figure 3C). Both p-AS1607M642 and p-GSK3pSerd were attenuated in CCM (versus
CON) hearts (Supplemental Figure 4).

A dissociation appears to exist between Akt activation and its downstream target AS160 and
GSK3p (although in the latter case, insulin appears to normalize p-GSK3pSe?) following
genetic disruption of the cardiomyocyte circadian clock. Both AS160 and GSK3p are
dephosphorylated by protein phosphatase 1 (PP1). Analyses of recent unbiased microarray
studies in CBK and CCM hearts suggest that, although PP1 expression is not influenced by
circadian clock disruption, inhibitor-1 (I-1; which usually represses PP1 activity) is
markedly repressed following cardiomyocyte circadian clock disruption.(24,25) RT-PCR and
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Western Blot analyses of CBK and CON hearts confirmed 55% and 50% decreases of I-1 in
CBK hearts at MRNA and protein levels, respectively (Figure 3E). I-1 was similarly
decreased in CCM hearts (data not shown). These observations suggest that chronic
activation of PP1, secondary to diminished I-1, may account for attenuation of both p-
AS160T642 and p-GSK3BSE™, as well as attenuated glucose utilization, following genetic
disruption of the cardiomyocyte circadian clock.

Chronic activation of mTOR in CBK hearts is associated with repressed autophagy

Insulin is a potent anabolic hormone, attenuating autophagy via the Akt/mTOR/ULK1
pathway, and stimulating protein synthesis via the Akt/mTOR/S6/4EBP1 pathway. Given
increased p-AktSer473 (and p-AktTr308 tg a lesser extent) following genetic disruption of the
cardiomyocyte circadian clock, we next measured p-mTORSE2448 jn CBK and CON hearts
isolated from ad /ibitum fed mice at distinct times of the day. Independent of the time-of-
day, p-mTORSer2448 wag persistently elevated in CBK hearts (in the absence of alterations in
MTOR total protein or mMRNA levels; Figure 4A). Interrogation of ULK1, a known mTOR
target, revealed elevated p-ULK1Se757 |evels; total ULK1 protein levels were also elevated
in CBK hearts (whereas mRNA levels were persistently repressed; Figure 4B). Interestingly,
CON hearts exhibited biphasic patterns for p-mTORSe2448 and p-ULK1Se757  hoth peaking
at ZT0 and ZT12 (Figure 4A-B). Consistent with the inhibitory effect of mMTOR/ULK1
signaling on autophagy, LC3 lipidation also exhibited a biphasic pattern in CON hearts,
troughing at ZTO and ZT12 (Figure 4C). However, LC3 lipidation was not altered in CBK
hearts (although Lc3 mRNA was chronically elevated in CBK hearts; Figure 4C). Similarly,
a second autophagic marker, p62, was chronically elevated in CBK hearts (while P62 gene
expression was diminished; Figure 4D). In order to stimulate autophagy, CON and CBK
mice were fasted (16-hr). Fasting increased LC3 lipidation and decreased p62 levels,
independent of genotype (Figure 4E). In addition, p62 was elevated in CBK hearts
independent of feeding status (genotype main effect; Figure 4E). Furthermore, electron
micrographs revealed a greater number of autophagosome structures in CBK hearts (versus
CON hearts) following fasting (Figure 4E). Collectively, these data suggest impairment of
autophagic flux in CBK hearts, thus attenuating p62 and autophagosome degradation.

Chronic activation of mTOR in CBK hearts is associated with protein synthesis
augmentation

We next investigated the effects of chronic activation of mTOR following circadian
disruption on modulators of protein synthesis. Both p-S65€r240/244 and p-4EBP1Thr37/46
exhibited a trend for a time-of-day-dependent oscillations in CON hearts (1-way ANOVA),
with a peak at ZTO (beginning of the light phase) and trough at ZT18 (middle of the dark
phase; Figure 5A); these oscillations were mirrored by time-of-day-dependent fluctuations
in net [3H]-protein synthesis in CON hearts (Figure 5A). Importantly, time-of-day-
dependent oscillations in p-S65¢r240/244 ' n_AEBP1TNr37/46 and net [3H]-protein synthesis
were absent in CBK hearts (Figure 5A). In the case of protein synthesis, rates were
chronically elevated in CBK hearts (genotype main effect; Figure 5A). Additional
investigation of net [3H]-protein synthesis ex vivo confirmed increased rates in CBK hearts
(compared to CON hearts) independent of insulin (i.e., genotype main effect; Figure 5B).
Similarly, p-mTORSer2448 gnd p-S65€r240/244 \yere hoth increased in ex vivo perfused CBK

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McGinnis et al.

Page 9

hearts (Figure 5B). Interestingly, biventricular weight (BVW) exhibited a trend (p=0.064)
for a time-of-day-dependent pattern in CON mice (trough at ZT18), which is absent in CBK
mice (Figure 5C). Collectively, these findings suggest that genetic disruption of the
cardiomyocyte circadian clock leads to persistent elevation in the mTOR/S6/4EBP1
signaling axis, increased rates of protein synthesis, and increased heart weight.

Lastly, we tested the hypothesis that chronic activation of mTOR, and subsequent increased
protein synthesis, plays a causal role in cardiac hypertrophy observed in CBK mice. CON
and CBK mice were fed diets supplemented with encapsulated rapamycin at 42 ppm for 10
days. Consistent with data presented in Figures 4A and 5A, p-mTORSer2448 and p-
S6S€er240/244 tended to be higher in CBK mice at ZT12, and were strongly inhibited by
rapamycin in both CON and CBK mice (rapamycin main effects; Figure 5D). Myocardial
net [3H]-protein synthesis was evaluated /n vivo, 10 days after rapamycin supplementation
was initiated. Importantly, rapamycin returned the rate of net [3H]-protein synthesis to
control levels in CBK hearts (main effects rapamycin and genotype; Figure 5E).
Furthermore, rapamycin reduced biventricular weight in CBK mice, with no effects in CON
mice (genotype-rapamycin interaction; Figure 5E). Collectively, these findings suggest that
chronic activation of mTOR following genetic disruption of the cardiomyocyte circadian
clock contributes towards excessive cardiac growth, which can be restored to normal levels
by rapamycin supplementation.

Discussion

The purpose of this study was to determine the impact of cardiomyocyte circadian clock
disruption on insulin-mediated processes in the heart. We provide evidence that Akt is
persistently activated in the heart (baseline and/or insulin-mediated) in two models of
cardiomyocyte circadian clock disruption (namely CBK and CCM). Our studies reveal a
dissociation between insulin-mediated Akt activation and glucose utilization following
circadian disruption, potentially due to depression of I-1. Conversely, Akt activation
following circadian disruption was associated with persistent activation of mTOR,
concomitant with autophagy attenuation and increased rates of protein synthesis. Consistent
with chronic activation of the Akt/mTOR/S6 axis promoting cardiac growth in CBK mice,
rapamycin administration normalized cardiac size within 10 days. Collectively, these
observations suggest that disruption of the cardiomyocyte circadian clock differentially
influences a number of insulin-mediated processes in the heart. We speculate that these
findings may provide novel insights regarding the mechanisms by which circadian
disruption adversely affects cardiac structure and metabolism.

Time-of-day-dependent rhythms have been described for a number of cardiometabolic
parameters in both humans and animal models, ranging from circulating glucose and insulin
levels, to tissue insulin sensitivity.(41-44) One example includes the early morning spike in
blood glucose known as the “dawn phenomenon”, which is mediated in part by fluctuations
in tissue insulin sensitivity.(45) Such daily perturbations in insulin sensitivity have
classically been attributed to fluctuations in neurohumoral factors, such as cortisol and
growth hormone.(44) However, recent studies have begun to highlight the importance of cell
autonomous circadian clocks as modulators of insulin sensitivity. For example, genetic
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disruption of the clock reduces expression of TBC1D1, GLUT4, and Hexokinase, associated
with impaired insulin-mediated glucose uptake.(46,47) In the liver, clock disruption
decreases insulin signaling and results in impaired insulin and glucose tolerance.(48,49)
Although the clock appears to regulate adipogenesis, ablation of the clock in adipose tissue
does not appear to greatly affect insulin signaling or sensitivity.(50,51) However, the effects
of circadian regulation of insulin sensitivity have not been previously investigated at the
level of the heart.

We recently identified p85a., the regulatory subunit of the PI3K complex, as being directly
regulated by the cardiomyocyte circadian clock, through binding of the CLOCK/BMAL1
heterodimer to E-box elements in the promoter of this gene.(25) Here, we confirm that
cardiomyocyte clock disruption led to reduced mRNA and protein levels of p85a., as well as
other key insulin signaling components (e.g., Akt) in both CBK and CCM hearts (Figures 1-
2 and Supplemental Figures 1-2). Despite reduced expression of insulin signaling
components, we observed evidence of increased basal and insulin-mediated signaling in
clock disrupted hearts (i.e., increased p-AktSer473 and p-AktT"308: Figure 2 and
Supplemental Figure 2). This observation is consistent with previous studies reporting that
partial knockout or knockdown of p85a increases insulin-mediated signaling.(52,53)
Importantly, no differences were seen in activation of upstream kinases p-IRS1 or p-PDPK1
(Figure 2 and Supplemental Figure 2), consistent with the concept that chronic activation of
Akt following circadian disruption is most likely secondary to diminished p85a levels.
Somewhat surprisingly, no significant time-of-day-dependent differences were observed in
myocardial insulin sensitivity (although insulin-mediated Akt phosphorylation appears
somewhat augmented at the beginning at the sleep phase [ZT0]; Figure 2, Supplemental
Figure 2).

Insulin signaling in the heart potently regulates numerous cellular processes, including
substrate metabolism. Insulin promotes trafficking of glucose transporters (GLUTS) to the
plasma membrane in an AS160-dependent manner, thus facilitating glucose uptake.(54)
Myocardial glucose utilization exhibits marked time-of-day-dependent oscillations, which
are mediated by the cardiomyocyte circadian clock; disruption of the cardiomyocyte clock
depresses glucose uptake, glycolysis, glycogen synthesis, and glucose oxidation.(24)
Following confirmation of diminished basal glucose utilization in CBK hearts, the current
study reports attenuated insulin-mediated glucose disposal (Figure 3). The apparent
dissociation between Akt activation and glucose utilization may be due, in part, to impaired
AS160 phosphorylation/activation in CBK hearts. Similar observations have been reported
in the heart with type 2 diabetes, wherein myocardial glucose uptake is attenuated despite
chronic activation of Akt.(55) Furthermore, genetic models of constitutive Akt activation
(e.g., myrAkt/caAkt) similarly display reduced myocardial insulin-mediated glucose
utilization.(55-57) Interestingly, AS160 total protein levels were also decreased in CBK
hearts (Figure 3). Dyar et al found that TBC1D1, an AS160 paralog more highly expressed
in skeletal muscle, was regulated in a circadian fashion in the gastrocnemius, and was
significantly reduced in muscle of Bmall null mice, concomitant with reduced insulin-
mediated glucose uptake.(46) It is noteworthy that reduced GLUT1, GLUT4, and/or HKII
(Supplemental Figure 5) in CBK mice could also contribute towards decreased glucose
utilization; again, similar findings have been reported in skeletal muscle of Bmall null mice.
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(46) In addition to glucose catabolism, insulin promotes the channeling of glucose into
glycogen, in part through Akt-dependent GSK3p phosphorylation/inactivation. Circadian
rhythms in tissue glycogen content have been observed in several peripheral tissues
including liver, skeletal muscle and heart, which often correlate with fasting/feeding cycles
(consistent with a role of insulin).(58-60) p-GSK3pSer displayed a biphasic pattern in CON
hearts, which was absent in CBK hearts (Figure 3). Somewhat surprisingly, p-GSK3pSer?
was chronically lower in CBK hearts (despite increased Akt activation). Consistent with
lower p-GSK3p5er9, glycogen synthesis was lower in CBK hearts, independent of insulin
(Figure 3). Collectively, these studies highlight depression of insulin-mediated myocardial
glucose utilization following disruption of the cardiomyocyte circadian clock.

Given the apparent dissociation between the phosphorylation status of Akt and its
downstream targets AS160 and GSK3p, we decided to interrogate PP1, which is responsible
for dephosphorylating AS160 and GSK3p. Although prior microarray studies suggest that
PP1 is not transcriptionally altered in CCM and CBK hearts, an established negative
regulator of PP1 was identified (namely Inhibitor-1). Previous studies have shown that the
activation status of 1-1 is subject to time-of-day-dependent regulation in the heart.(61)
Consistent with those, we found that I-1 expression is reduced at the mRNA and protein
level in both CBK (Figure 3) and CCM (data not shown) hearts; a reduction in 1-1 would be
predicted to promote PP1 activity, thus dephosphorylating AS160 and GSK3p, as observed
following clock disruption. Interestingly, peak AS160 phosphorylation in control hearts
occurred at ZT12 in the current study, which corresponds to the timing of peak I-1
activation.(61) Future studies are required to establish a causative role of PP1 in the
dissociation of AKT from its downstream targets AS160 and GSK3p following circadian
disruption in the heart.

Another important downstream target of Akt is mTOR, which modulates essential cardiac
processes, including autophagy and protein synthesis. Consistent with Akt activation, p-
mTORSE2448 \as increased in CBK hearts (Figure 4). mTOR affects autophagy through a
number of mechanisms, including direct phosphorylation (and inactivation) of ULK1.
(62,63) Interrogation of time-of-day-dependent oscillations in p- ULK 157757 revealed a
biphasic pattern in control hearts, which troughs at both ZT6 and ZT18 (in a manner similar
to mTOR). Conversely, LC3 lipidation exhibited an antiphase pattern in CON hearts. Similar
to p-mTORSe2448 .U K 15757 was persistently elevated in CBK hearts. Interestingly, p62
was elevated in CBK hearts independent of feeding status, while autophagosomes
accumulated in fasted CBK hearts (relative to CON hearts). These data are consistent with
impairment of autophagy in CBK hearts, particularly the later stages, resulting in insufficient
clearance of autophagosomes. Future studies are required to interrogate this relationship
further.

Consistent with its anabolic nature, insulin is important in regulating heart size.(64) This is
in large part mTOR-dependent; activation of mTOR leads to increased translational activity,
protein synthesis and hypertrophic growth through downstream mediators S6/4EBPL1. In
agreement with chronic activation of PI3K/Akt/mTOR signaling, we have previously shown
that clock disruption (in CBK and CCM mice) leads to a pro-hypertrophic phenotype.
(25,29,34) Here we report that CON hearts exhibit a trend for time-of-day-dependent
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regulation of S6/4EBP1 signaling, protein synthesis, and heart weight, with a trough in the
middle of the active period (ZT18), which is absent in CBK hearts (Figure 5). Similar to
diurnal variations in heart weight observed in the current study, Sinturel et al recently
reported daily fluctuations in hepatic ribosomal function and translation, resulting in
oscillations in liver weight.(65) Importantly, elevated myocardial protein synthesis, as well
as heart weight, observed in CBK hearts is normalized within 10 days by pharmacological
inhibition of mMTOR with rapamycin (Figure 5). Previous findings suggest that mTOR
inhibition can extend lifespan in germline Bmal1™~ mice.(66) Whether normalization of
mTOR activity improves cardiac function in either germline or cardiomyocyte-specific
Bmall knockout mice requires further elucidation.

It is important to note that tissue specific effects of circadian disruption on insulin-mediated
processes appear to exist. Here we show that Bmall is a negative regulator of the Akt/mTOR
pathway, such that cardiomyocyte specific deletion of Bmall leads to activation both /n vivo
and ex vivo (thus promoting protein synthesis and hypertrophy). Similarly, Khapre et al have
shown increased activation of mTOR signaling in various tissues isolated from germline
Bmall null mice (including the heart), which persisted /in vitro.(66) However, Zhang et al.
reported that germline Bmall loss led to reduced activation of Akt/mTOR in the liver.(48)
Lipton et al also described a role for Bmal1l as part of the translational machinery in the
cytosol of the liver, and found that hepatic protein synthesis was decreased in germline
Bmall null mice.(67) Similarly, Sinturel et al reported circadian regulation of hepatic
translation, through alterations in ribosomal function.(65) Taken together, it is likely that
distinct tissues respond differentially to circadian clock disruption.

In summary, the current study provides evidence suggesting that genetic disruption of the
cardiomyocyte circadian clock leads to hyperactivation of the PI3K/Akt/mTOR signaling
axis, which likely contributes towards attenuation of autophagy and augmentation of protein
synthesis (Figure 6). In contrast, myocardial glucose utilization is impaired following clock
disruption, likely secondary to diminished AS160 and GSK3p phosphorylation (perhaps due
to decreased I-1 levels) and/or decreased GLUT1/GLUT4/HKII expression (Figure 6). The
phenotype observed following circadian disruption (increased Akt/mTOR activity,
concomitant with diminished glucose utilization and autophagy, as well as increased cardiac
hypertrophy) parallels many of the characteristic cardiac changes that develop in type 2
diabetes. Given the association between circadian disruption, insulin resistance and
increased risk for type 2 diabetes and its cardiovascular complications, the present study
sheds novel insights linking circadian disruption, cardiac dysfunction, and insulin resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Cardiomyocyte clock disruption differentially influences insulin signaling
proteins
. Cardiomyocyte clock disruption attenuates glucose utilization
. Cardiomyocyte clock disruption attenuates autophagy
. Cardiomyocyte clock disruption augments protein synthesis
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Figure 1.
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Genetic ablation of the cardiomyocyte circadian clock influences diurnal variations in
MRNA (A) and protein (B) levels of key insulin-signaling components in the heart. CBK
and littermate control (CON) mouse hearts were collected at distinct times of day, followed
by RT-PCR (A; 4-7 independent observations) and Western blot (B; n=4-7 independent
observations) analysis. Data are represented as fold change from the trough of CON hearts.
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Data for ZTO is duplicated as ZT24 for visualization purposes only. All data are shown as
mean + SEM. *, p<0.05 for CBK versus CON hearts within a ZT.
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Figure 2.
Perturbations in baseline and insulin-mediated phosphorylation status of key insulin-

signaling components in CBK hearts /n vivo (A-B) and ex vivo (B). Analysis of the
phosphorylation status of insulin signaling components in CBK and CON hearts isolated at
distinct times of day from ad /ibitum fed mice (A; 4-7 independent observations). Effects of
challenging CBK and CON hearts with insulin (5 minutes) /7 vivo (0.167uU/kg; B; 3-7
independent observations) or ex vivo (100pU/mL; C; 3—-7 independent observations) on Akt
phosphorylation at distinct times of the day; saline challenge serves as vehicle control. Data
are represented as fold change from the trough of CON hearts (A), or as fold change from
CON hearts challenged with saline at ZT0 (B, C). Data for ZTO is duplicated as ZT24 for
visualization purposes only (A). All data are shown as mean £ SEM. *, p<0.05 for CBK
versus CON hearts within a ZT (A), or CBK versus CON hearts within a ZT plus saline/
insulin experimental group (B).
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Figure 3.
Disruption of the cardiomyocyte circadian clock alters insulin-mediated signaling (A, C, D,

E) and glucose utilization (B). Effects of challenging CBK and CON hearts with insulin (0,
10, or 100pU/mL; 30 minutes) ex vivoat ZT12 on Akt phosphorylation (A; 5 independent
observations), glucose utilization (B; 5 independent observations), as well as on AS160 and
GSK3p phosphorylation (C; 5 independent observations). CBK and littermate CON hearts
were collected at distinct times of day, followed by RT-PCR and Western blot analysis for
AS160 (D; 3-7 independent observations), GSK3p (D; 3-7 independent observations), and
I-1 (E; 3—-7 independent observations). Data are represented as fold change from CON hearts
challenged with saline (A, C), as absolute rates (B), or as fold change from the trough of
CON hearts (D, E). Data for ZTO is duplicated as ZT24 for visualization purposes only (A).
All data are shown as mean = SEM. *, p<0.05 for CBK versus CON hearts within a ZT (D,
E), or CBK versus CON hearts within a ZT plus saline/insulin experimental group (A, B, C).
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Figure 4.
Cardiomyocyte-specific Bmall deletion alters autophagy markers in the heart. CBK and

littermate control (CON) mouse hearts were collected at distinct times of day, followed by
Western blot and RT-PCR analysis for mTOR (A; 3-7 independent observations), ULK1 (B;
3-7 independent observations), LC3 (C; 3-7 independent observations), and p62 (D; 3-7
independent observations). In a separate set of studies (E; 3—7 independent observations),
CBK and CON mice were either fed ad libitum or fasted for 16 hours (ZT4 to ZT20),
followed by collection of hearts (at ZT20), and subsequent assessment of LC3 lipidation,
p62, and accumulation of autophagosomes. Data are represented as fold change from the
trough of CON hearts (A, B, C, D), or as fold change from CON hearts from ad libitum fed
mice (E). Data for ZTO is duplicated as ZT24 for visualization purposes only (A, B, C, D).
All data are shown as mean = SEM. *, p<0.05 for CBK versus CON hearts within a ZT (A,
B, C, D), or CBK versus CON hearts within a fed/fasted experimental group (E).
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Figure 5.
Impact of disruption of the cardiomyocyte circadian clock on protein synthesis in the heart.

CBK and littermate control (CON) mouse hearts were collected at distinct times of day,
followed by Western blot (A; 3—7 independent observations) and gravimetric (C; 6-12
independent observations) analysis. Rates of protein synthesis in CBK and CON hearts in
vivo at distinct times of the day (A; 5 independent observations). Effects of challenging
CBK and CON hearts with insulin (0, 10, or 100uU/mL; 30 minutes) ex vivoat ZT12 on
mTOR and S6 phosphorylation, as well as protein synthesis (B; 5 independent observations).
Impact of rapamycin (42 ppm in the diet; 10 days) on mTOR and S6 phosphorylation (D; 8-
9 independent observations), as well as protein synthesis (Ei; 4-5 independent observations)
and heart weight (Eii; 10-14 independent observations). Data are represented as fold change
from the trough of CON hearts (phosphoprotein data in A), as fold change from CON hearts
challenged with saline (phosphoprotein data in B), as absolute values (protein synthesis and
heart weight data in A, B, C, E), or as fold change from CON animals fed rapamycin-free
diet (phosphoprotein data in D). Data for ZTO is duplicated as ZT24 for visualization
purposes only (A, C). All data are shown as mean = SEM. *, p<0.05 for CBK versus CON
hearts within a ZT (A), or CBK versus CON hearts within a ZT plus saline/insulin
experimental group (A, B, C); ¥, p<0.05 for rapamycin versus control diet within a genotype
(D, E).
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Figure 6.
Hypothetical model. Bmall loss leads to chronic activation of Akt, under both basal states,

as well as in response to insulin. Chronic Akt activation is associated with mTOR activation,
and concomitant attenuation of autophagy and augmentation of protein synthesis. Bmall
loss, also leads to decreased I-1 levels, which is anticipated to activate PP1; PP1 decreases
phosphorylation of AS160 and GSK3, leading to a concomitant decrease and increase in
activity, respectively. Consistent with decreased AS160 and GSK3p phosphorylation, Bmall
loss leads to diminished glucose utilization. Directionality of arrows indicate activity status
of protein/process. Thickness of line signifies magnitude of relationship.
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