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Abstract

Essentially all biological processes fluctuate over the course of the day, manifesting as time-of-
day-dependent variations with regards to the way in which organ systems respond to normal
behaviors. For example, basic, translational, and epidemiologic studies indicate that temporal
partitioning of metabolic processes governs the fate of dietary nutrients, in a manner in which
concentrating caloric intake towards the end of the day is detrimental to both cardiometabolic and
cardiovascular parameters. Despite appreciation that branched chain amino acids impact risk for
obesity, diabetes mellitus, and heart failure, it is currently unknown whether the time-of-day at
which dietary BCAAs are consumed influence cardiometabolic/cardiovascular outcomes. Here, we
report that feeding mice a BCAA-enriched meal at the end of the active period (i.e., last 4hrs of the
dark phase) rapidly increases cardiac protein synthesis and mass, as well as cardiomyocyte size;
consumption of the same meal at the beginning of the active period (i.e., first 4hrs of the dark
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phase) is without effect. This was associated with a greater BCAA-induced activation of mMTOR
signaling in the heart at the end of the active period; pharmacological inhibition of mMTOR
(through rapamycin) blocked BCAA-induced augmentation of cardiac mass and cardiomyocyte
size. Moreover, genetic disruption of the cardiomyocyte circadian clock abolished time-of-day-
dependent fluctuations in BCAA-responsiveness. Finally, we report that repetitive consumption of
BCAA-enriched meals at the end of the active period accelerated adverse cardiac remodeling and
contractile dysfunction in mice subjected to transverse aortic constriction. Thus, our data
demonstrate that the timing of BCAA consumption has significant implications for cardiac health
and disease.
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1. INTRODUCTION

Significant environmental/behavioral changes have occurred over the last several decades, in
association with increased cardiometabolic (e.g., obesity, diabetes) and cardiovascular
diseases (19). These include introduction of energy dense and highly palatable foods,
reduced physical activity, and decreased sleep duration. A complex interplay likely exists
between many of these risk factors. Recent epidemiologic studies suggest that the time-of-
day at which calorically-dense meals are consumed impacts cardiometabolic/cardiovascular
disease incidence and progression, leading to recommendations that “eating a greater share
of the total calorie intake earlier in the day to have positive effects on risk factors for heart
disease and diabetes mellitus” (American Heart Association Scientific Statement) (35).
Considerable progress has been made in this field, suggesting that the metabolic fate of
dietary nutrients is dependent of time-of-day (3). However, many unanswered questions
remain, including whether all nutrients should be considered equal with regards to optimal
time-of-day of consumption.

Of the major metabolic alterations reported in cardiometabolic/cardiovascular disease states,
perturbed branched chain amino acid (BCAA; leucine, isoleucine, and valine) catabolism
has received appreciable attention recently. Observational studies in humans report elevated
plasma BCAA levels during obesity and diabetes mellitus, as well as multiple cardiovascular
disease states (25, 28, 37, 43). Modulating dietary BCAA levels in preclinical models
impacts adiposity, glucose tolerance, and insulin sensitivity (13, 24). Moreover, genetic and
pharmacologic manipulation of BCAA catabolism in mice invariably impacts
cardiometabolic parameters and cardiac disease progression (24, 36). BCAA influence
cellular/organ functions through multiple mechanisms, including activation of mMTOR
(mammalian target of rapamycin), a kinase governing critical biological functions (e.g.,
protein synthesis) that has been linked with cardiometabolic health and lifespan (10, 44).
mTOR activity fluctuates across the day in multiple organs; in the heart, peak activity is
observed at the awake-to-sleep transition, a time at which protein synthesis is augmented
(26). Emerging evidence suggests that daily rhythms in mTOR activity are mediated by
circadian clocks; cardiomyocyte-specific deletion of the core clock component BMAL1

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Latimer et al. Page 3

(brain and muscle ARNT-like protein 1; encoded by Arnt/) not only ablates the heart clock,
but also abolishes 24hr oscillations in cardiac mTOR activity and protein synthesis (26).
Moreover, mTOR and protein synthesis are chronically activated in BMAL1 knockout
hearts, associated with age-onset hypertrophic cardiomyopathy and reduced lifespan (20, 22,
26, 46). Such observations highlight the importance of normal circadian orchestration for
maintenance of cardiac form and function.

The purpose of the present study was to determine whether the time-of-day at which dietary
BCAA are consumed impacts a physiologic response (cardiac growth), as well as the
potential pathologic implications of such a phenomenon. Here, we report that consumption
of a BCAA-enriched meal specifically at the end of the active period causes a rapid growth
of the heart, which is dependent on the cardiomyocyte circadian clock. Moreover, repetitive
consumption of BCAA-enriched meals at the end of the active period (i.e., daily for a 6wk
period) accelerated adverse remodeling and dysfunction in mice subjected to transverse
aortic constriction. These observations provide support for the concept that BCAA-enriched
meals should be avoided prior to sleep, particularly in at-risk individuals.

2. METHODS

2.1. Mice.

A total of 924 mice on the C57BL6/J background were utilized in the present study; 595
wild-type (Jackson Labs), 166 cardiomyocyte-specific Bmall knockout (CBK;
Bmal1floXflox;\MHCa Cre*/™), and 163 littermate control (CON; Bmal1flox/floxymHCaCre
~/=) mice. The CBK mouse model has been described previously (12). All experimental
mice were male and were housed by the Animal Resources 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,
facilitating investigation of diurnal variations (as opposed to circadian rhythms). Unless
otherwise stated, mice were housed in standard microisolator cages, and provided standard
rodent chow in an ad /ibiturm fashion. All mice had free access to water. At the time of tissue
and blood collection, age-matched mice (20wk) were anesthetized with pentobarbital. All
animal experiments were approved by the Institutional Animal Care and Use Committee of
the University of Alabama at Birmingham.

2.2. Dietary Composition.

Mice were allowed access to either a low BCAA diet (Teklad custom diet TD.150662) or a
high BCAA diet (Teklad custom diet TD.170323); see Supplemental Table 1 for full
nutritional details of these diets. Briefly, the high BCAA diet has leucine, isoleucine, and
valine contents that are approximately 2-fold higher than a standard rodent chow. The low
BCAA diet has leucine, isoleucine, and valine contents that are approximately 3-fold lower
than a standard rodent chow. As such, BCAA contents are approximately 6-fold different
between the low and high BCAA diets. A subset of studies also utilized a normal BCAA
diet, with BCAA contents equivalent to a standard rodent chow (Teklad custom diet
TD.140711). These three diets were formulated in a manner such that macronutrient content,
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nitrogen content, and caloric density were essentially identical, by adjusting levels of distinct
non-essential amino acids (alanine, asparagine, aspartate, glutamate, glutamine, glycine,
proline, and serine). Importantly, none of the amino acid adjustments in these diets are
considered below minimal nutritional requirements for mice.

2.3. Feeding Interventions.

Diets were provided to mice in either ad /ibitum or time-of-day-dependent manners. The
time-of-day-dependent feeding protocol was performed either acutely or chronically. In the
acute study (illustrated in Supplemental Fig. 1A), mice were initially fed the low BCAA diet
for a 1 week period in an ad /ibitum fashion, after which they were divided into four
experimental groups: 1) early high BCAA (EHB) meal fed; 2) early low BCAA (ELB) meal
fed; 3) late high BCAA (LHB) meal fed; and 4) late low BCAA (LLB) meal fed. At ZT8,
access to food was prevented for EHB and ELB mice; fasting was maintained for a 4hr
period. At ZT12 (/.e., the light-to-dark phase transition), mice in the EHB group were
allowed access to the high BCAA diet for 4hrs. Conversely, mice in the ELB group were
allowed access to the low BCAA diet during this time period. At ZT16 (/.e., 4hrs into the
dark phase), blood and hearts were collected from both EHB and ELB mice (i.e.,
immediately after the high and low BCAA meal, respectively). Next, food access was
prevented for mice in the LHB and LLB groups at ZT16. At ZT20, mice in the LHB group
were allowed access to the high BCAA diet for 4hrs. Conversely, mice in the LLB group
were allowed access to the low BCAA diet during this time period. At ZT24 (/.e., the dark-
to-light transition), blood and hearts were collected from both LHB and LLB mice (i.e.,
immediately after the high and low BCAA meal, respectively). The purpose of the two 4hr
fasting periods was to facilitate gastric emptying prior to, and encourage food consumption
upon, subsequent food access. In a subset of acute studies, encapsulated rapamycin (42ppm;
Rapamycin Holdings, Inc) was added to the low or high BCAA diets, to investigate the
impact of inhibiting mTOR signaling; encapsulated vehicle (Eudragit) served as a control.

In the chronic study (illustrated in Supplemental Fig. 1B), mice were divided into one of two
experimental groups: 1) early high BCAA (EHB) fed; and 2) late high BCAA (LHB) fed.
All mice were allowed access to the low BCAA diet between ZTO (/.e., dark-to-light phase
transition) and ZT8 (/.e., 8hrs into the light phase). At ZT8, access to food was prevented for
all mice; fasting was maintained for a 4hr period. At ZT12 (/.e., the light-to-dark phase
transition), mice in EHB group were allowed access to the high BCAA diet for 4hrs.
Conversely, mice in the LHB groups were allowed access to the low BCAA diet during this
time period. At ZT16 (/.e., 4hrs into the dark phase), access to food was prevented for all
mice; fasting was maintained for 4hrs. At ZT20, mice in the EHB group were allowed access
to the low BCAA diet for 4hrs. Conversely, mice in the LHB group were allowed access to
the high BCAA diet during this time period. Feeding regimes were maintained for either a
4wk (littermate flox-control and CBK mice) or 6wk (pressure overload study) period
through use of a Comprehensive Laboratory Animal Monitoring System (CLAMS;
Columbus Instruments Inc., Columbus, OH); each cage possesses two distinct feeders that
open/close in a computer-controlled fashion. Upon completion of the study, blood and hearts
were collected at one of two time points (ZT16 and ZT24).
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2.4. Transverse Aortic Constriction (TAC).

2.5. Whole

Aortic banding was performed as described previously (42). Briefly, mice were anesthetized
with 2% isoflurane, placed in the supine position, and fur was removed from above the
sternum. A horizontal skin incision ~1 cm in length at the level of the suprasternal notch was
made followed by an ~0.5 cm longitudinal cut in the proximal portion of the sternum. The
muscle underneath the sternum was separated and the thymus was lifted out of the way to
visualize the aortic arch. TAC was implemented by placement of a metal clip calibrated to a
30-gauge diameter needle between the innominate artery and the left common carotid artery.
The muscle, sternum, and skin were sutured closed and povidone iodine was applied to the
outer wound. The sham procedure was identical except that the aortic arch was not
constricted. 24hrs post-surgery, success was determined by assessing pressure gradients via
echocardiography. The feeding intervention was initiated 72hrs post-surgery and continued
for a 6wk period.

Body and Cardiac Parameters in vivo.

Food/caloric intake, energy expenditure, and physical activity were assessed continuously
through use of a CLAMS. Lean and fat body masses were assessed by quantitative magnetic
resonance (QMR, Echo 3-in-1, Echo Medical System) at an established UAB core facility.
Glucose tolerance was assessed by administration of glucose (2g/Kg I.P.) in 6hr fasted mice,
followed by measurement of blood glucose levels 0, 30, 60, 90, and 120 minutes post
glucose injection using a Freestyle Lite glucometer (Abbott Laboratories, Abbott Park, IL).
Insulin tolerance was assessed by administration of insulin (0.5U/Kg I.P.) in 6hr fasted mice,
followed by measurement of blood glucose levels 0, 30, 60, 90, and 120 minutes post insulin
injection using a Freestyle Lite glucometer. Cardiac function was assessed by
echocardiography (at the UAB Echocardiography Core) using a VisualSonics VeVo 3100
Imaging System (VisualSonics, Toronto, Canada), and was analyzed by VisualSonics
software.

2.6. PlasmaBCAA Levels.

Plasma and cardiac BCAA levels were quantified by gas chromatography mass spectrometry
(GCMS) analysis, as described previously (40).

2.7. Western Blotting.

Qualitative analysis of protein expression and phosphorylation status was performed via
standard western blotting procedures, as described previously (11). Briefly, 10-30 pg protein
lysate was separated on polyacrylamide gels and transferred to PVDF membranes.
Membranes were probed for the following targets: p-mTORSE=2448 p_p70S6K =389 p.
SGSer—240/244, p-4EBPlThr'37/46, p_e||:4_BSEI’—4067 BCKDHa, p-BCKDHaS€r—293, RAGA/B,
RAGC, GBL, DEPTOR and RAGD (Cell Signaling; 2974, 9206, 2215, 9459, 8151, 90198,
40368, 4357, 5466, 3274, and 11816; Abcam 187679 respectively). Rabbit and mouse HRP-
conjugated secondary antibodies (Cell Signaling, 7074 and 7076 respectively) were used for
chemiluminescent detection with Luminata Forte Western Blotting substrate (Millipore,
WBLUF0100). All densitometry data were normalized to calsequestrin (Abcam; ab3516).
Importantly, due to the nature of time course studies, in order to minimize the contribution
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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; original images are presented in Supplemental Figure 7).

2.8. Protein Synthesis.

Protein synthesis was assessed by monitoring incorporation of puromycin into cardiac
proteins, as described previously (32). Briefly, mice were injected with puromycin
(40nmol/g body weight), followed by heart isolation 45min later; puromycin incorporation
was determined through Western Blotting.

2.9. Histologic Assessment.

Cross sections from the medial heart were taken immediately upon removal of heart and
fixed in formalin for 24hrs. Wheat germ agglutinin (WGA) staining was utilized for
measurement of myocyte cross-sectional area; at least 45 myocytes were assessed per heart
using Image-J software (NIH), as described previously (18). Picrosirius Red staining of
collagen fibers was utilized for semi-quantitative measurement of left ventricular fibrosis,
using ImagePro Plus software (Media Cybernetics, Inc., Rockville, MD), as described
previously (12).

2.10. Quantitative RT-PCR.

RNA was extracted from hearts using standard procedures (9). Candidate gene expression
analysis was performed by quantitative RT-PCR, using previously described methods (14,
17). For quantitative RT-PCR, specific Tagman assays were designed for each gene from
mouse sequences available in GenBank or were purchased from Thermo Fisher Scientific
USA. All RT-PCR data were normalized to a combined trio of housekeeping genes (Ppia,
Actb, Rplp0), and are presented as fold change from an indicated reference group.

2.11. Statistical analysis.

Statistical analyses were performed using two-way ANOVA, as described previously (6, 7).
Briefly, analyses were performed using Prism statistical software to investigate main effects
of time, genotype and/or treatment, followed by a Sidak post hoc analyses for pair-wise
comparisons (indicated in Figures). Cosinor analyses were performed to determine whether
24hr time series data significantly fit a cosine curve; if they did, then mesor (daily average
value), amplitude (peak-to-mesor difference), and acrophase (timing of the peak) were
calculated, as described previously (29). In all analyses, the null hypothesis of no model
effects was rejected at p<0.05. For figures reporting 24hr variations in a parameter, it is
noteworthy that ZT0 and ZT24 are identical, and that the data are double plotted (purely for
the sake of presentation); statistical analyses were performed in the absence of a ZT24 time
point.
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3. RESULTS
3.1. Effects of Dietary BCAA Manipulation on Cardiac and Whole Body Parameters.

The overall goal of the present study was to determine whether the time-of-day at which
dietary BCAAs are consumed impacts cardiac physiology/pathology. In an attempt to
identify appropriate diets for subsequent time-of-day-dependent studies, we first
characterized the effects of feeding mice diets with distinct BCAA contents (in an ad /libitum
manner) on whole body and cardiac parameters. Age-matched mice were initially fed a
standard rodent chow. At 12-wk of age, hearts were isolated from a sub-set of mice (termed
baseline group), whereas the remaining mice were fed one of three distinct diets with
differing BCAA contents (in an ad /ibitum manner): 1) low BCAA diet (0.33x); 2) normal
BCAA diet (1x); or 3) high BCAA diet (2x). Both body weight and biventricular weight to
tibia length ratio (BVW/TL) were significantly higher in mice fed normal or high BCAA
diets for a 4wk period (relative to mice fed the low BCAA diet; Fig. 1A). In contrast, BW
and BVW/TL ratio were comparable between mice fed a standard rodent chow (i.e.,
baseline), the normal BCAA diet, and the high BCAA diet (Fig. 1A). These data suggest that
standard/normal rodent diets provide sufficient BCAAs to maintain body and cardiac
masses, such that increasing dietary BCAAs above standard/normal levels (i.e., the high
BCAA diet) has little impact (over a 4wk period) on these parameters in healthy mice.

We next performed a more thorough phenotypic characterization of the impact that low and
high BCAA diets have on mice (ad libitum feeding for a 4wk period); these 2 diets were
chosen for further interrogation due to largest differential outcomes on cardiac mass
observed in Fig. 1Aii. Total daily caloric intake, macronutrient (protein, carbohydrate, fat)
intake, physical activity, and energy expenditure did not differ between low versus high
BCAA diet fed mice (Table 1). Consistent with the nature of the intervention, total daily
BCAA intake was 84% lower in low versus high BCAA diet fed mice; this was associated
with 52%, 41%, and 58% lower levels of plasma leucine, isoleucine, and valine in low
versus high BCAA diet fed mice (Table 1). Despite similar caloric intake in low and high
BCAA diet fed mice, low BCAA diet fed mice exhibited decreased body weight at the end
of the 4wk feeding period (8% lower compared to high BCAA diet fed mice; Table 1). This
was associated with significantly decreased fat body mass in low (versus high) BCAA diet
fed mice, in the absence of alterations in lean body mass (Table 1). No differences were
observed in either glucose or insulin tolerance between low and high BCAA diet fed mice
(Supplemental Fig. 2). Collectively, these data suggest that feeding mice a low BCAA diet
for 4wks modestly decreased body mass and adiposity (relative to high BCAA fed mice), in
the absence of major perturbations in whole body metabolic homeostasis.

We next investigated the effects of dietary BCAA manipulation on the heart at functional,
gravimetric, histologic, and molecular levels. Echocardiographic analysis revealed that
hearts from low BCAA diet fed mice exhibited a modest reduction in left ventricular
posterior wall thickness, stroke volume, cardiac output, and ejection fraction (relative to
hearts from high BCAA diet fed mice), in the absence of alterations in other
echocardiographic parameters (Table 1). Gravimetric analysis of hearts revealed that the
BVW/TL ratio was reduced by 11% in low BCAA diet fed mice (relative to high BCAA diet
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fed mice; Fig. 1B). Similarly, cardiomyocyte size was decreased by 34% in low BCAA diet
fed mice (relative to high BCAA diet fed mice; Fig. 1C). Gene expression of the
hypertrophic marker Ajppa was significantly lower in hearts of low BCAA diet fed mice, in
the absence of alterations in My#7expression (relative to high BCAA diet fed mice; Fig.
1D). Finally, the mTOR signaling axis (Supplemental Fig. 3) was investigated, given that
BCAA-induced activation of this pathway has previously been linked with cardiac growth
(34); of the components investigated, p-p70S6K Th=389 and p-S6Ser-240/244 \yere
significantly decreased (by 39% and 33%, respectively) in hearts of low BCAA diet fed
mice (relative to high BCAA diet fed mice; Fig. 1E). Collectively, these data are consistent
with modest cardiac atrophy following restriction of dietary BCAA content over a 4wk
period.

3.2. Cardiac Growth Specifically at the End of the Active Period in Response to Dietary

BCAAs.

To interrogate the hypothesis that responsiveness of the heart to dietary BCAA is time-of-
day-dependent, mice were initially fed the low BCAA diet for 1wk, in an attempt to reduce
BCAA-mediated signaling in the heart to baseline levels. During this 1wk period, mice were
singly housed in cages with wire bottom flooring; this 1wk period of acclimatization with
the low BCAA diet modestly decreased body weight in mice (7% lower relative to baseline;
Fig. 2A). Following a short (4hr) period of fasting, mice were immediately fed a single high
BCAA meal during either the first 4hrs of the dark phase (i.e., early high BCAA; EHB) or
during the last 4hrs of the dark phase (i.e., late high BCAA; LHB); mice fed low BCAA
meals during these time periods served as controls (i.e., ELB and LLB for mice in early and
late low BCAA meal groups, respectively; see illustration in Supplemental Fig. 1A). Total
caloric intake during the 4hr meal was equal between all experimental groups (Fig. 2Bi).
Consistent with the intervention, mice fed high BCAA meals consumed 5.8-fold more
BCAAs compared to mice fed low BCAA meals, irrespective of time-of-day (Fig. 2Bii).
Similarly, plasma BCAA levels were significantly higher in mice fed high BCAA meals
(relative to those fed low BCAA meals; Fig. 2C). Importantly, no significant differences
were observed in plasma BCAA levels between EHB and LHB mice (Fig. 2C). The impact
of the 4-hr BCAA meal on the heart was assessed at functional, gravimetric, histologic, and
molecular levels. At the functional level, cardiac output was significantly decreased in LHB
mice (relative to LLB mice), in the absence of alterations in other echocardiographic
parameters (Table 2). At the gravimetric level, a significant increase (12%) in BVW/TL was
observed in LHB, but not in EHB, mouse hearts (relative to their respective controls; Fig.
2D). This occurred in the absence of body weight differences between LHB and EHB mice
(Table 2). Histological analysis revealed that the high BCAA meal significantly increased
cardiomyocyte size (73%) in LHB mice (compared to LLB controls), but not in EHB mice
(Fig. 2E). Gene expression of Ajppaand Myh7were not differ significantly between the
experimental groups (Table 2). Collectively, these data reveal a rapid (within 4hrs) and
dramatic (73%) increase in cardiomyocyte size when mice consume dietary BCAAS only at
the end of the active (dark) period.

The rapid increase in cardiac mass and cardiomyocyte size at the end of the active period in
response to dietary BCAAs could be secondary to numerous mechanisms. Consistent with a
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lack of contribution of edema, no significant differences were observed in the wet weight to
dry weight ratio for hearts in the different experimental groups (Supplemental Fig. 4). Given
that BCAAs are known to promote protein synthesis, we next investigated whether BCAAS
selectively augment cardiac protein synthesis at the end of the active period. Fig. 3A reveals
that the high BCAA meal significantly increased cardiac protein synthesis (45%) in LHB
mice (compared to LLB controls), but not in EHB mice. The protein synthesis inhibitor
rapamycin was next utilized to establish whether increased cardiac growth in response to
dietary BCAAs at the end of the active period was dependent on protein synthesis.
Consistent with earlier studies (Fig. 2D-E), the BCAA meal at the end of the active period
increased both BVWI/TL ratio and cardiomyocyte size in vehicle treated mice; this effect
was abolished in rapamycin treated mice (Fig. 3B-C). These observations are consistent
with the hypothesis that BCAAs promote protein synthesis in the heart at the end of the
active period, leading to cardiac growth.

BCAAs promote protein synthesis in part through activation of the mTOR signaling axis
(Supplemental Fig. 3) (10, 44). Moreover, rapamycin is an established mTOR inhibitor (4).
We therefore next assessed whether BCAA-induced mTOR signaling was selectively
augmented in the heart at the end of the active period. As anticipated, a 2-way ANOVA
revealed multiple significant main effects of the BCAA meal (i.e., diet main effect);
phosphorylation status of all five mTOR signaling components investigated were increased
by the BCAA meal (Fig. 3D). Time-of-day main effects were also observed for p-
MTORSEr2448 gnd p-S6Ser-240/244: hoth these mTOR signaling axis components were
augmented at the end of the active period (i.e., ZT24; Fig. 3D). Importantly, a post hoc
analysis revealed significantly higher p-S65¢7-240/244 in hearts of LHB mice (compared to
hearts of EHB mice; Fig. 3Diii). In addition to BCAAs, the mTOR signaling axis can be
activated by numerous growth factors, including insulin and insulin-like growth factor 1
(IGF1). Although plasma insulin levels were not significantly different between
experimental groups, cardiac /gfZ mRNA levels were significantly higher (73%) in LHB
hearts (relative to EHB hearts; Fig 3E). Interestingly, a 2-way ANOVA revealed that cardiac
ribosomal RNAs 18sand 28s are significantly increased (21% and 17%, respectively) at
ZT24 compared to ZT16 (i.e., main effect of time-of-day; Fig. 3F). Collectively, data
presented in Figures 2 and 3 are consistent with the hypothesis that the heart is primed for
growth at the end of the active period, such that consumption of dietary BCAAs at this time
results in cardiac hypertrophy.

3.3. Dynamics of Cardiac Growth in Response to Daily BCAA Meals.

Although our observations thus far suggest that dietary BCAAs selectively augment protein
synthesis and growth of the heart at the end of the active period, several uncertainties
remain. These include whether the growth response is: 1) dependent on an initial 1wk period
of “BCAA deficiency”; 2) transient in nature; and/or 3) additive if dietary BCAAs are
persistently consumed at the end of the active period for multiple successive days. To
simultaneously address all of these questions, mice were fed a 4hr high BCAA meal either at
the beginning (early high BCAA; EHB) or at the end (late high BCAA; LHB) of the dark
phase on a daily basis for a 4wk period (as illustrated in Supplemental Fig. 1B); after 4wk,
hearts were isolated at the end of the two 4hr meals (i.e., ZT16 and ZT24). Importantly, no
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significant differences in body weight, total daily caloric intake, or total daily BCAA intake
were observed between EHB and LHB fed mice (Fig. 4A-B). Total daily amount of BCAA
intake was reduced by only approximately one third (relative to that observed for mice fed a
normal BCAA content diet in an ad /ibitum fashion; Fig 4Bii). Consistent with the
intervention, 80% of daily BCAA intake was between ZT12 and ZT16 in EHB mice,
whereas 78% of daily BCAA intake was between ZT20 and ZT24 in LHB mice (Fig. 4Biii).
Similarly, plasma leucine, isoleucine, and valine levels were higher at ZT16 in EHB mice,
and were higher at ZT24 in LHB mice (Fig. 4C). Gravimetric and histologic analysis
revealed increased BVWI/TL ratio (16%) and cardiomyocyte size (75%) in LHB hearts
(compared to EHB hearts) only at ZT24; at ZT16, no significant differences were observed
between the two feeding groups (Fig. 4D-E). Western blot analysis identified significantly
higher levels of p-mTORSe2448 (5104), p-p70S6KTN~389 (262%) and p-S6Ser-240/244
(84%) in LHB hearts (compared to EHB hearts) only at ZT24 (Fig. 4F). In contrast, no
significant diet-dependent effects were observed for p-4EBP1TN=37/46 o p-e|F4BSer-406
(Fig. 4F). Collectively, these data confirm that the heart is more sensitive to BCAA-induced
growth at the end of the dark phase, and suggest that the hypertrophic response is highly
dynamic (being reversed within 16 hours after cessation of the BCAA-enriched meal).

3.4. Increased Responsiveness of the Heart to Dietary BCAAs at the End of the Dark
Phase is Governed by the Cardiomyocyte Circadian Clock.

To test the hypothesis that the cardiomyocyte circadian clock temporally modulates
responsiveness of the heart to BCAA-induced mTOR activation and cardiac growth,
cardiomyocyte-specific BMAL1 knockout (CBK) mice were employed. Initially, circadian
clock component (Amtl, Nri1d1) and output (Dbp) genes were assessed in CBK and
littermate control hearts collected at 4hr intervals across the 24hr day. Consistent with
disruption of the circadian clock, 24-hr oscillations observed for these genes in control
(CON) hearts were attenuated in CBK hearts (i.e., a 59%-63% reduction in amplitude; Fig.
5A and Supplemental Table 2). CBK mice were fed the high BCAA diet either at the
beginning (EHB) or at the end (LHB) of the dark phase for a 4wk period (as described for
CON mice in Section 3.3; see Supplemental Fig. 1B for an illustration of the protocol).
Body weight, total daily caloric intake and total daily BCAA intake were similar between
EHB and LHB fed CBK mice (Supplemental Fig. 5A-B). Consistent with the intervention
(and observations made in CON mice; Fig. 4B), dietary BCAA intake was higher between
ZT12 and ZT16 in CBK mice within the EHB group, whereas dietary BCAA intake was
higher between ZT20 and ZT24 in CBK mice within the LHB group (Supplemental Fig.
5Biii). Similarly, plasma leucine, isoleucine, and valine levels were higher at ZT16 in the
EHB group, and were higher at ZT24 in the LHB group (Supplemental Fig. 5C). Hearts
were isolated at either ZT16 or ZT24, followed by assessment of cardiac mass,
cardiomyocyte size, and mTOR signaling. BVWI/TL ratio and cardiomyocyte size were not
significantly different between EHB and LHB fed CBK mice, regardless of the time-of-day
(Fig. 5B—C). Similarly, no significant differences in p-mTORSe~2448 p_n70SE6KThr=389 -
SpSer-240/244 n AEBP1Tr-37/46 or p-elF4BSer~406 |evels were observed between EHB
versus LHB hearts, at either ZT16 or ZT24 (Fig. 5D). Collectively, these observations
suggest that the cardiomyocyte circadian clock is required for time-of-day-dependent
fluctuations in cardiac BCAA responsiveness.
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3.5. Candidate Mechanistic Links between the Cardiomyocyte Circadian Clock and
Cardiac BCAA Responsiveness.

Comparison of cardiac mass, cardiomyocyte size, and mTOR signaling in CBK (Fig. 5B-D)
and CON (Fig. 4D-F) mice challenged with the EHB and LHB feeding regimes suggests
that these parameters are chronically elevated in CBK hearts. We therefore directly
compared cardiac mass and mTOR signaling in CBK and littermate CON hearts (isolated
from mice fed a standard chow in an ad /ibitum manner). Despite identical body weights,
BVWI/TL ratio was significantly higher in CBK versus CON mice (Fig. 6A). Investigating
mTOR signaling components at distinct times of the day revealed that p-mTORSer-2448
exhibited an approximate 2-fold (trough-to-peak) oscillation in CON hearts, peaking at
ZT22 (as determined by cosinor analysis); this oscillation was abolished in CBK hearts (Fig.
6Bii and Supplemental Table 2). Cosinor analysis revealed that p-elF4BSer=406 glso
exhibited a significant oscillation in CON hearts, which peaked at ZT4 (Fig. 6Bv and
Supplemental Table 2); this oscillation was abolished in CBK hearts (Fig. 6Bv and
Supplemental Table 2). Surprisingly, daily fluctuations in p-P70S6k T""~389 were augmented
in CBK hearts, with higher levels observed during the dark phase (Fig. 6Biii and
Supplemental Table 2). No significant oscillations were observed for p-S6S€r-240/244 o
p-4EBP1Tr=37/46 jn ejther CBK or littermate control hearts (Fig. 6B and Supplemental
Table 2). Importantly, a 2-way ANOVA revealed that p-mTORSe-2448  n_ggSer-240/244
p70S6K =389 and p-elF4BSer—406 were all significantly increased in CBK hearts relative
to littermate controls (genotype main effect; Fig. 6B). These observations led us to
hypothesize that CBK hearts may chronically exhibit increased sensitivity to dietary BCAAS
(independent of time-of-day). To test this hypothesis, CBK and littermate control mice were
fed either a low, normal, or high BCAA diet in an ad /ibitum fashion; after a 4wk period,
hearts were isolated for gravimetric analysis. BVW/TL was 14.2% higher in CBK mice fed a
normal BCAA diet (relative to littermate controls; Fig. 6C). In contrast, this genotype
difference was attenuated in low BCAA fed mice (10.4% difference between CBK and
littermate controls), and was exacerbated in high BCAA fed mice (16.1% difference
between CBK and littermate controls; Fig. 6C). Collectively, these observations suggest that
genetic disruption of the cardiomyocyte circadian clock may increase responsiveness of the
heart to dietary BCAAs in a chronic manner (i.e., independent of the time of day).

We next set out to identify candidate mechanistic links between the cardiomyocyte circadian
clock and cardiac BCAA responsiveness. Candidate mechanisms investigated include
circadian clock regulation of: 1) cardiac BCAA catabolism; 2) cardiac amino acid and
ribosomal RNA abundance; and 3) sensitivity of mTOR activation by amino acids. Prior
studies suggest that the circadian clock transcriptionally regulates genes encoding for BCAA
catabolism enzymes/modulators, potentially via KLF15 (47). Consistent with prior studies,
KIf15 mRNA exhibits a significant 24hr oscillation in control hearts, which is abolished in
CBK hearts (Fig. 7Ai and Supplemental Table 2). Of the BCAA catabolism genes
investigated, only /vdexhibited a significant time-of-day-dependent oscillation in control
hearts (which is abolished in CBK hearts; Fig. 7A and Supplemental Table 2). /vd, Bckdha,
KIf15, and Bckdhb mRNA levels were all significantly decreased in CBK (versus control)
hearts (i.e., genotype main effect; Fig. 7A and Supplemental Fig. 6). Consistent with lower
Bckaha mRNA levels, both BCKDH protein and p-BCKDHaSe" 293 Jevels were
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significantly decreased in CBK hearts (i.e., genotype main effect; Fig. 7A). Moreover,
cardiac BCAA (and total amino acid) levels are significantly increased in CBK hearts
(relative to CON hearts; genotype main effect), particularly at the end of the active period
(ZTO; post hoc analysis) (Fig. 7B). Interestingly, cardiac total amino acid levels exhibit a
significant 24hr oscillation in the heart, being 8% higher at ZT0 versus ZT12 (Fig. 7B and
Supplemental Table 2). Similarly, 28s rRNA significantly oscillates in CON hearts (cosinor
analysis; Supplemental Table 2), being 20% higher at ZTO versus ZT12, while Z85rRNA is
chronically increased in CBK hearts (genotype main effect; Fig. 7B). Next, we investigated
multiple components of the ragulator-rag complex that are known to influence mTOR
activation (particularly in response to amino acids); these included four RAG isoforms (RAG
A/B/C/D) and GBL (21). Western blot and subsequent cosinor analysis revealed that none of
these proteins exhibited significant 24hr oscillations in either CBK or control hearts (Fig.
7C, Supplemental Fig. 6, and Supplemental Table 2). However, a 2-way ANOVA revealed
significantly elevated levels in RAGA, RAGD, and GBL in CBK hearts (i.e., genotype main
effect; Fig. 7B). Recent reports suggest that DEPTOR attenuates responsiveness of mTOR to
BCAA:s in cardiomyocytes (15). Cosinor analysis revealed that DEPTOR protein levels peak
at approximately ZT11 in control hearts, and that this 24hr rhythm is abolished in CBK
hearts (Fig. 7Cv and Supplemental Table 2). Collectively, these observations are consistent
with the hypothesis that temporal regulation of cardiac amino acid, ribosomal RNA and/or
DEPTOR levels by the cardiomyocyte circadian clock may mediate daily rhythms in cardiac
BCAA responsiveness, while genetic disruption of the cardiomyocyte circadian clock
increases cardiac BCAA sensitivity through a combination of BCAA catabolism repression,
increase in free amino acids and ribosomes, as well as induction of multiple ragulator-rag
complex components.

3.6. Augmentation of Adverse Cardiac Remodeling by Consumption of BCAAs at the End
of the Dark Phase in a Murine Model of Heart Disease.

Although repetitive consumption of a BCAA-enriched meal at the end of the active period
did not have accumulative effects on cardiac growth in healthy mice, we tested the
hypothesis that this feeding behavior may accelerate adverse remodeling and dysfunction
during heart disease. Accordingly, our long-term EHB and LHB feeding protocol
(Supplemental Fig. 1B) was performed in a murine model of pressure overload (i.e.,
transverse aortic constriction; TAC). One day after surgery, twelve TAC mice (with
essentially identical pressure gradients) and twelve sham controls were assigned into EHB
and LHB feeding groups (i.e., six mice in each of the four experimental groups). After 6wk,
cardiac remodeling was assessed at functional, gravimetric, histologic, and molecular levels
in surviving mice (two mice in the EHB TAC group died within 2 weeks post-surgery).
Importantly, all assessments were performed at ZT4, to avoid acute effects of the BCAA
meals (which ended at ZT16 in EHB mice and ZT24 in LHB mice). As predicted, a 2-way
ANOVA revealed that TAC decreased both ejection fraction and fractional shortening, and
increased left ventricular volume and inner diameter (during both diastole and systole; Fig.
8A). Importantly, these TAC-induced alterations in functional parameters were exacerbated
in LHB mice, relative to EHB mice (Fig. 8A). Gravimetric analysis revealed that TAC
significantly increased BVW/TL ratio in LHB, but not EHB, mice (Fig. 8B). Although the
TAC-induced increase in cardiomyocyte size was similar between EHB and LHB mice at
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ZT4 (Fig. 8C), the TAC-induced increase in fibrosis was significant only in LHB (but not
EHB) mice (Fig. 8D). Molecular markers of cardiac hypertrophy (NMopaand Myh7 mRNA)
and fibrosis (Co/Zal mRNA) were also induced to a greater extent in LHB mice following
TAC (relative to EHB mice; Fig. 8E). Collectively, these data reveal that consumption of
BCAA at the end of the active period worsens adverse remodeling and dysfunction during
heart disease.

4. DISCUSSION

Caloric intake in excess of energy expenditure is associated with numerous cardiometabolic
and cardiovascular diseases (5). In addition to total caloric intake, macro- (and micro-)
nutrient content and sources (e.g., minimally processed fruits and vegetables versus
differentially processed foods) are thought to be important variables for disease risk (23).
For example, excess red meat consumption is associated with increased atherosclerosis risk,
plausibly in part through trimethylamine-N-oxide generation via microbial carnitine
metabolism (27). Red meat also serves as an enriched source of BCAA, elevated circulating
BCAA levels are also considered significant risk factors for obesity, diabetes mellitus, and
heart failure (25, 28, 37, 43). Recently, attention has turned towards understanding how the
timing of nutrient intake impacts health. Interest in this concept arose in part following
appreciation that metabolic pathways vary as a function of time-of-day, leading to
suggestions that the metabolic fate of nutrients (e.g., oxidation versus storage) depends on
intake timing. Early studies in rodent models reported that consumption of calorically dense,
high fat diets towards the end of the awake period resulted in greater weight gain, adiposity,
dyslipidemia, hyperinsulinemia, and cardiac dysfunction (compared to consumption of the
same high fat meal at the beginning of the awake period) (2, 8, 39). Similarly, observational
studies in humans suggest that the timing (and frequency) of meals impacts numerous
cardiometabolic and CVD risk factors (35). Therefore, both the composition and timing of
meals should be considered for optimal health.

Temporal partitioning of cardiac metabolism across the day has been studied extensively.
Three main phases have been described: 1) increased oxidative metabolism at the beginning
of the awake period (likely important for increased ATP synthesis during this period of
increased contractility); 2) increased nutrient storage towards the end of the awake period
(predicted to replenish glycogen and triglyceride stores in anticipation of the upcoming sleep
phase fast); and 3) increased cellular constituent turnover (protein, phospholipids, etc) at the
wake-to-sleep transition (which could be considered as a daily preventative maintenance, to
promote normal organ function) (45). Although beneficial for cardiac function in most
physiologic conditions, evidence is emerging that circadian governance may have pathologic
consequences (31). For example, challenging mice with isoproterenol at the awake-to-sleep
transition (a time of increased cellular constituent turnover) leads to greater adverse cardiac
remodeling; the same isoproterenol challenge at the sleep-to-awake transition is without
effect (12). Such observations suggest that the heart is primed for growth and remodeling at
the end of the awake period, such that an inappropriate stimulus/stress at this time may be
detrimental. We have recently reported that mTOR signaling is increased in the heart at the
end of the active period, associated with increased cardiac protein synthesis rates at this time
(26). Although the cardiomyocyte circadian clock appears to be critical for these time-of-
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day-dependent rhythms, the mechanistic links between this molecular timekeeper and
mTOR signaling remains unclear. BCAAs are established mTOR activators (44). Moreover,
recent transcriptomic approaches suggest that multiple ragulator-rag complex components
are circadian regulated, several of which transduce the BCAA signal to mTOR activation
(e.g., rragd, encoding for RAGD) (46). Such observations led us to hypothesize that the
cardiomyocyte circadian clock may modulate mTOR responsiveness to BCAA, thus
ensuring cardiac growth and repair occur at a distinct time of the day.

Here, we confirm that the heart is primed for growth at the end of the active period, as
evidenced by augmented /g7 mRNA (Fig. 3E), ribosomal RNAs (Fig. 3F and 7B), amino
acids (Fig. 7B), and mTOR signaling (Fig. 6B) at this time of the day. Moreover, CBK
hearts exhibit aberrant 24hr patterns in amino acid levels, ribosomal RNA and mTOR
signaling, which are chronically elevated (Fig. 6B and 7B). This is consistent with increased
protein synthesis and hypertrophic phenotype reported in CBK hearts (46). By feeding mice
BCAA-enriched meals at specific times during the day, we revealed increased
responsiveness of mTOR signaling to BCAA-induced activation at the end of the active
period (versus beginning of the active period; Fig. 3D and 4F). These time-of-day-dependent
differences in BCAA-induced mTOR signaling activation were lost in CBK hearts (Fig. 5D).
Such observations are consistent with the concept that the cardiomyocyte circadian clock
temporally governs BCAA responsiveness of the heart. In an attempt to identify potential
molecular links between the cardiomyocyte circadian clock and BCAA responsiveness,
multiple BCAA catabolism and ragulator-rag complex components were investigated, as
well as cardiac amino acids and ribosomal RNA (Fig. 7). Of these, cardiac amino acid,
ribosomal RNA, and DEPTOR levels exhibited significant 24hr oscillations (i.e., data fit a
cosine curve; Supplemental Table 2), which is dependent on the cardiomyocyte circadian
clock (Fig. 7B-C). Given that DEPTOR is an established repressor of mTOR activation, we
postulate that low levels of DEPTOR at the end of the active period may promote growth
and repair of the myocardium at this time. Interestingly, independent of the time-of-day,
BCAA catabolism genes are chronically repressed in CBK hearts, concomitant with elevated
cardiac BCAAs levels, consistent with prior reports of decreased leucine oxidation rates
(16). We speculate that chronic BCAA catabolism repression, concomitant with increased
amino acid, ribosomal RNA, and ragulator-rag complex components, will promote chronic
activation of mTOR signaling and hypertrophic growth of CBK hearts.

The current study highlights several noteworthy concepts. The first relates to the timing of
dietary BCAA intake during normal and disease states. Here, we report that feeding healthy
mice a high BCAA meal at the end of the active period resulted in a striking 73% increase in
cardiomyocyte size within 4hr. Such an observation highlights the dynamic nature by which
cardiomyocytes can remodel in response to a single meal, and is akin to observations in the
python heart (which similarly experiences a dramatic meal-induced hypertrophic response)
(1). Importantly, we also report that this feeding strategy exacerbates adverse cardiac
remodeling and contractile dysfunction in an established heart disease model (Fig. 8).
Regarding translation potential of these observations, it is possible that healthy individuals
may experience benefits from consuming BCAA-enriched meals at the end of the day (e.g.,
physiologic hypertrophic growth, as reported for skeletal muscle previously (38)), whereas
at-risk individuals may accelerate cardiac disease development. Many diets have been
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popularized, including intermittent fasting and ketogenic diets; the latter is often protein
enriched, which will include BCAA. The current study highlights the need to consider the
time-of-day at which a fasting period is terminated by consumption of a BCAA-enriched
meal (dependent on the health status of the individual). Another translational consideration
relates to chronopharmacology; by reinforcing the concept that cardiac growth occurs
primarily at the end of the active period, the current study highlights the need to consider the
most effective administration time for medications that reduce left ventricular hypertrophy
(e.g., angiotensin-converting enzyme inhibitors) (30). Another potentially important
observation is the apparent increased responsiveness of the heart to BCAA-induced
ventricular growth following genetic disruption of the cardiomyocyte circadian clock. Given
that shift workers exhibit increased cardiovascular disease risk (41), and that shift work
disrupts circadian clocks (33), the possibility exists that shift workers are more susceptible to
the adverse effects of excess dietary BCAA.

In summary, the current study reveals a striking increase in the sensitivity of the heart to
BCAA-induced activation of the mTOR signaling and cardiomyocyte growth towards the
end of the active period, which is dependent on the cardiomyocyte circadian clock. The
observation that consumption of a BCAA-enriched meal at the end of the active period can
rapidly (within hours) enlarge cardiomyocyte size, reveals the dynamic nature of the heart in
response to a dietary intervention. Moreover, consumption of BCAA-enriched meals at the
end of the active period augments cardiac disease development. Collectively, these studies
are consistent with the concept that shifting food intake towards the beginning of the day is
beneficial for reducing cardiac disease risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1.

3.

HIGHLIGHTS
The heart is primed for growth at the end of the active period.
BCAAs stimulate rapid growth of the heart at the end of the active period.

Eating BCAAs at the end of the active period exacerbates cardiac disease.
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Figure 1. Whole body and cardiac parameters in wild-type mice fed diets with distinct BCAA
contents for a 4wk period (in an ad libitum fashion).

(A) Body weight (i) and biventricular weight to tibia length (BVWI/TL) ratio (ii) of mice at
baseline (12wks old; n=18) and 4wks after ad /ibitum feeding with diets containing low,
normal, or high BCAA levels (0.33x, 1x, or 2x relative to standard rodent chow,
respectively; n=53-54). (B) BVWI/TL ratio of mice fed low or high BCAA diets in an ad
libitum manner for 4wks (n=10). (C) Cardiomyocyte size of mice fed low or high BCAA
diets in an ad /ibitum manner for 4wks (n=10). (D) Cardiac Nppa (i) and Myh7 (i) mMRNA
levels of mice fed low or high BCAA diets in an ad /ibitum manner for 4wks (n=9-10). (E)
Representative images (i) and quantification of p-mTORSe"2448 (jj) p-p70S6KTNr=389 (jji),
p-S65er=240/244 (i) n-4EBP1Tr=37/46 (v/) and p-elF4BSe™~406 (vi) protein levels in hearts of
mice fed low or high BCAA diets in an ad /ibitum manner for 4wks (n=53-54). Data/
samples were collected at six distinct times of the day (with even distribution of sample sizes
at the different ZTs; A, E), or only at ZT4 (B, C, D). All data are reported as mean + SEM.
*, p<0.05 for mice fed low versus high BCAA diets; #, p<0.05 for mice fed low versus
normal BCAA diets.
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Figure 2. A single BCAA-enriched meal at the end of the active period increases cardiac growth
in wild-type mice.

(A) Body weight in mice at baseline and 1 week after ad /ibitum feeding with the low
BCAA diet (n=64). (B) Total caloric intake (i) and total BCAA intake (ii) during the 4hr
meal in ELB (Early Low BCAA), EHB (Early High BCAA), LLB (Late Low BCAA), and
LHB (Late High BCAA) fed mice (n=20). (C) Plasma leucine (i), isoleucine (ii), and valine
(iii) levels at the end of the 4hr meal (n=10). (D) BVWI/TL ratio at the end of the 4hr meal
(n=20). (E) Cardiomyocyte size at the end of the 4hr meal (n=10). Data/samples were
collected at ZT16 and ZT24. All data are reported as mean + SEM. Main effects of diet,
time-of-day, and/or interaction are reported at the top of the figure panels. *, p<0.05 for
EHB versus ELB or LHB versus LLB (i.e., high BCAA meal effect within a ZT); #, p<0.05
for LHB versus EHB (i.e., high BCAA meal effect between ZTs); $, p<0.05 for 0 versus 1
week of low BCAA diet consumption (ad /ibiturm).
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Figure 3. Role of MTOR signaling in BCAA-induced cardiac growth at the end of the active
period in wild-type mice.

(A) Representative image (i) and quantification (ii) of puromycin incorporation into cardiac
proteins during the 4hr meal in ELB (Early Low BCAA), EHB (Early High BCAA), LLB
(Late Low BCAA), and LHB (Late High BCAA) fed mice (n=10). (B) BVW/TL ratio in
LLB and LHB mice with or without rapamycin (42ppm) administration (n=9). (C)
Cardiomyocyte size in LLB and LHB mice with or without rapamycin (42ppm)
administration (n=8-9). (D) Representative images (i) and quantification of p-mTORSer-2448
(i), p_p7086KThr—389 (iii), p_S6Ser—24O/244 (iv), p_4EBp1Thr—37/46 (v), and p_e|F4BSer—406
(vi) protein levels in hearts of ELB, EHB, LLB, and LHB fed mice (n=20). (E) Plasma
insulin (i; n=10) and cardiac /gfI mRNA (ii; n=18-19) levels in ELB, EHB, LLB, and LHB
fed mice. (F) Cardiac 185 (i) and 28s (ii) rRNA levels in ELB, EHB, LLB, and LHB fed
mice (n=19). Data/samples were collected at ZT16 and ZT24 (A, D, E, F), or only ZT24 (B,
C). All data are reported as mean + SEM. Main effects of diet, time-of-day, and/or
interaction are reported at the top of the figure panels. *, p<0.05 for EHB versus ELB or
LHB versus LLB (i.e., high BCAA meal effect within a ZT); #, p<0.05 for LHB versus EHB
(i.e., high BCAA meal effect between ZTs); $, p<0.05 for LHB Vehicle versus LHB
Rapamycin.
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Figure 4. Feeding flox control (CON) mice daily BCAA enriched meals for a prolonged period (4
weeks) reveals persistent increased responsiveness of the heart to dietary BCAA at the end of the
active period.

(A) Body weight after 4wks of feeding CON mice a daily 4hr BCAA meal during either the
early (EHB) or late (LHB) portion of the active/dark phase (n=18). (B) Total daily caloric
intake (i) and total daily BCAA intake (ii) during the 4wk feeding period, as well as time-of-
day fluctuations in BCAA intake (iii); the horizontal dashed line in panel (ii) represents
average total daily BCAA intake in mice fed a normal BCAA diet in an ad /ibitum manner
(n=16-18). (C) Plasma leucine (i), isoleucine (ii), and valine (iii) levels for EHB and LHB
fed CON mice (n=6). (D) BVWI/TL ratio of hearts isolated from EHB and LHB fed CON
mice (n=8-9). (E) Cardiomyocyte size of hearts isolated from EHB and LHB fed CON mice
(n=7-9). (F) Representative images (i) and quantification of p-mTORSe~2448 (jj) p-
p7086KThr—389 (iii), p-SGSer‘24O/244 (iv), p_4EBP1Thr—37/46 (v), and p_e|F4BSer—406 (vi)
protein levels in hearts isolated from EHB and LHB fed CON mice (n=6-8). Data/samples
were collected at ZT4 (A, Bi, Bii), or at ZT16 and ZT24 (C, D, E, F), or at 15min intervals
over the 24hr day (through use of a CLAMS; Biii). All data are reported as mean + SEM.
Main effects of diet, time-of-day, and/or interaction are reported at the top of the figure
panels. *, p<0.05 for EHB versus LHB (i.e., high BCAA meal effect within a ZT); #, p<0.05
for ZT16 versus ZT24 (i.e., time-of-day effect within a BCAA meal feeding group).
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Figure 5. Feeding cardiomyocyte-specific BMAL1 knockout (CBK) mice daily BCAA enriched
meals for a prolonged period (4 weeks) reveals dependence of increased responsiveness of the
heart to dietary BCAA at the end of the active period on the cardiomyocyte circadian clock.

(A) Time-of-day fluctuations in mRNA levels of At/ (i), Nr1d1 (ii), and Dbp (iii) in hearts
isolated from CBK and littermate flox control (CON) mice fed a standard rodent chow ad
libitum (n=7-8). (B) BVWI/TL ratio of hearts after 4wks of feeding CBK mice a daily 4hr
BCAA meal during either the early (EHB) or late (LHB) portion of the active/dark phase
(n=8-9). (C) Cardiomyocyte size of hearts isolated from EHB and LHB fed CBK mice
(n=6-9). (D) Representative images (i) and quantification of p-mTORSe=2448 (i), p-
p7086KThr—389 (iii), p_SGSer—240/244 (iv), p_4EBP1Thr—37/46 (v), and p_e|F4BSer—406 (vi)
protein levels in hearts isolated from EHB and LHB fed CBK mice (n=6-8). Data/samples
were collected at six distinct times of the day (ZTO, ZT4, ZT8, ZT12, ZT16, ZT20; A) or at
ZT16 and ZT24 (B, C, D). For data presented in panel A, ZT0 and ZT24 are identical (the
data are double plotted purely for the sake of presentation). For data presented in panel D,
data are shown as fold change from littermate control (CON) hearts collected at ZT24 from
mice in the EHB feeding group. All data are reported as mean = SEM. Main effects of
genotype, time-of-day, and/or interaction are reported at the top of the figure panels. *,
p<0.05 for CON versus CBK hearts within a ZT.
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Figure 6. Chronic activation of the mTOR signaling axis in the heart of cardiomyocyte-specific
BMAL1 knockout (CBK) mice, relative to littermate flox control (CON) mice.

(A) Body weight (i) and BVW/TL ratio (ii) in age-matched CBK and CON mice fed a
standard rodent chow ad /ibitum (n=48-56). (B) Representative images (i) and quantification
of p_mTORSer—2448 (ii), p_p7056KThr—389 (iii), p_SGSer—240/244 (iv), p_4EBP1Thr—37/46 (v),
and p-elF4BSe406 (vi) protein levels in hearts isolated from CBK and CON mice fed a
standard rodent chow ad /ibitum (n=6-8). (C) BVWI/TL ratio in CBK and CON mice 4wks
after ad libitum feeding with diets containing low, normal, or high BCAA levels (0.33x, 1x,
or 2x relative to standard rodent chow, respectively; n=7-13). Data/samples were collected
at six distinct times of the day (ZT0, ZT4, ZT8, ZT12, ZT16, ZT20; A, B) or at ZT4 (C). For
data presented in panel B, ZTO and ZT24 are identical (the data are double plotted purely for
the sake of presentation). Main effects of genotype, time-of-day, and/or diet are reported at
the top of the figure panels. *, p<0.05 for CON versus CBK hearts.

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Latimer et al. Page 26
f§ 2510 S bt S 20 main Efectof Genotype & 1.5 ) Main Efectof Genotype -0 1 Main Efectof Genatype ~ con
£ ® * £ oo Lo £ b * g8 | *
z 20 Z 15 oz < o= CBK
<8 I FE 04 8 122 16200 4 8 121 2 g8 10 7 *
29 15
ZE E P = ey SE
N HE oo S :f | g, 4E
" @ I ———— - 2e S
s it ol — = s e O 1 H
s 3 cso e fome fo e = = ] 3 rd
£ ”':— g "‘“':q R :— . :—
4 8 12 16 20 4 8 2 16 20 4 8 12 16 20 24 4 8 12 16 20 4
Zeitgeber Time (hours) Zeitgeber Time (hours) Zeitgeber Time (hours) Zeitgeber Time (hours)
) 0.5 1 Main Efects of Time of Day and Genotype 40 ain Efectsof T ofDay and Ganctype £ 2.0 1 ain ectof Gentype S 25 s Ehectof ineorOay ~ con
% * % 5
3 o Sal F ok ok ox ok ok * % £ 52 8 K
a ’\-—..___._/.“' 8
g 3 E T gg §'§ 15
B g Z510 - H
5 02 3 8 g3 10
g o S o gos 5
9 " "':* oo Zoo
T T 2 —— o —
Zoitgober Time (hours) Zeitgober Time (hours) Zeitgeber Time (hours) Zeitgeber Time (hours)
z z S R
CON CBK 2 25 |main Effect of Genotype §' 2.5 1main Effect of Genotype. D 2.5 Main Effect of Genotype. H e CON
£, L £ g% 15 - ox
0 4 8 12 16 20 0 4 8 12 16 20 a9 Sg o 8o
89 15 S 415 39 15 ZE .,
Qg g < Be ™ 33
RAGA 35 H S8 gE
32 4, 8e 4, 2% Bs
RAGD 2% EE) ) o508
GAL g os £ o8 £ os 5
3 0 3 3 o0 3"‘“'3
Deptor s e €™ T 8 12 16 20 24

csa

7 8 12 16 20 24
Zeitgeber Time (hours)

— ]  —
4 8 12 16 20 4 4 8 12 1% 20

Zoitgaber Time (hours) Zeitgober Time (hours)

Zeitgeber Time (hours)

Figure 7. Alterations of BCAA catabolism components, amino acids, ribosomal RNAs, and
regulator-rag complex components in the heart of cardiomyocyte-specific BMAL1 knockout
(CBK) mice, relative to littermate flox control (CON) mice.

(A) Time-of-day fluctuations in /vd mRNA (i), Bckaha mRNA (i), BCKDHa protein (iv),
and p-BCKDHaSe™=293 protein (v) levels in hearts isolated from CBK and CON mice fed a
standard rodent chow ad /ibitum (n=6-8); representative images for BCKDHa and p-
BCKDHaSe~293 are shown in (iii). (B) Total BCAA (i), total amino acid (ii), Z85srRNA (iii),
and Z8srRNA (iv) levels in hearts isolated from CBK and CON mice fed a standard rodent
chow ad libitum (n=4-8). (C) Representative images (i) and quantification of RAGA (ii),
RAGD (iii), GBL (iv), and DEPTOR (V) protein levels in hearts isolated from CBK and
CON mice fed a standard rodent chow ad /ibitum (n=4-8). Data/samples were collected at
either six distinct times of the day (ZTO, ZT4, ZT8, ZT12, ZT16, ZT20; A, Biii, Biv, C) or
eight distinct times of the day (ZTO, ZT3, ZT6, ZT9, ZT12, ZT15, ZT18, ZT21; Bi, Bii);
data for ZTO and ZT24 are identical (the data are double plotted purely for the sake of
presentation). Main effects of genotype, time-of-day, and/or interaction are reported at the
top of the figure panels. *, p<0.05 for CON versus CBK hearts within a ZT.
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Figure 8. TAC-induced adverse cardiac remodeling is augmented by BCAA-enriched meals at
the end of the active period in wild-type mice.

Mice underwent either TAC or sham surgery, followed by feeding of BCAA-enriched meals
in a time-of-day-dependent manner (as illustrated in Supplemental Fig. 1B) for 6wk. (A)
Echocardiographic assessment of cardiac function /in vivo after 6wks of feeding TAC and
sham mice a daily 4hr BCAA meal during either the early (EHB) or late (LHB) portion of
the active/dark phase (n=4-6). (B) BVW/TL ratio of hearts isolated from EHB and LHB fed
TAC/sham mice (n=4-6). (C) Cardiomyocyte size of hearts isolated from EHB and LHB fed
TAC/sham mice (n=4-6). (D) Fibrosis of hearts isolated from EHB and LHB fed TAC/sham
mice. (E) Nppa (i), Myh7 (ii), and Collal (iii) mRNA levels in hearts isolated from EHB
and LHB fed TAC/sham mice (n=4-6). All data/samples were collected at ZT4, and are
reported as mean = SEM. Main effects of TAC and diet are reported at the top of the figure
panels. *, p<0.05 for TAC versus sham (within a feeding group); #, p<0.05 for LHB versus
EHB (within a surgical group).
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Table 1.
Whole body and cardiac parameters in wild-type mice fed diets with distinct BCAA

contents for a 4wk period (in an ad libitum fashion).

Mice were fed either a low or high BCAA diet (0.33x or 2x relative to standard rodent chow, respectively) for
a 4wk period. During the last week of feeding, whole body energy balance parameters were assessed through
use of a CLAMS (continuous assessment throughout the 24hr day; n=7-8), body composition was assessed by
QMR (at ZT4; n=7-8), cardiac function was assessed by echocardiography (at ZT4; n=9-10), and plasma was
collected (at six distinct times of the day, with even distribution of sample sizes at the different ZTs; n=36) for
measurement of plasma BCAAs by GCMS. All data are reported as mean = SEM.

Parameter Low BCAA High BCAA
Total Daily Caloric Intake (kcal/24hr) 10.49+0.83 10.87+0.23
Total Daily Protein Intake (kcal/24hr) 2.29+0.18 2.43+0.06
Total Daily Carbohydrate Intake (kcal/24hr) 6.25+0.49 6.47+0.17
Total Daily Fat Intake (kcal/24hr) 1.94+0.15 2.06+0.05
Total Daily BCAA Intake (mg/24hr) 41.41+0.38 259_9314_71*
Total Daily Energy Expenditure (kcal/24hr) 10.08+0.72 9.84+0.48
Total Daily Physical Activity (Beam Breaks; A.U.) | 28,360+3,679 | 34,291+2,422
Body Weight (g) 28.65+0.50 31.20+1.00F
Fat Body Mass (g) 4.17+0.21 5.40+0.33 %
Lean Body Mass (@) 22.7940.50 23.77+0.54
Left Ventricular Posterior Wall Thickness (mm; S) | 1.10+0.07 1.32+0.06
Left Ventricular Posterior Wall Thickness (mm; D) | 0.85+0.03 0.97+0.04
Intraventricular Septum (mm; D) 0.85+0.03 0.87+0.04
Intraventricular Septum (mm; S) 0.78+0.03 0.86+0.04
Left Ventricular Interior Diameter (mm; D) 3.89+0.11 3.94+0.07
Left Ventricular Interior Diameter (mm; S) 2.75+0.10 2.62+0.09
Fractional Shortening (%) 29.49+1.12 33.72+1.58 %
Left Ventricular Volume (ul; D) 66.56+4.49 68.10+£3.11
Left Ventricular Volume (ul; S) 28.94+2.47 25.59+2.28
Stroke Volume (ul) 27.06+1.84 34.63+1.52
Cardiac Output (ml/min) 13.04+0.93 17.24+1.05~
Ejection Fraction (%) 45.47+2.31 | 54.47+1.65"
Plasma Leucine (mM) 69.58+3.55 143.78+13.20
Plasma Isoleucine (mM) 31.47+1.93 53.49+3.24 ™
Plasma Valine (mM) 86.79+3.62 208.53+12.84

’p<0.05 for mice fed low versus high BCAA diets.
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wild-type mice.

Table 2.
A single BCAA-enriched meal at the end of the active period decreases cardiac output in

Page 29

Mice were singly housed in cages with wire bottom flooring for a 1wk acclimatization period, with access to
the low BCAA diet ad /ibitum. Following a short (4hr) period of fasting, mice were immediately fed a single
high BCAA meal during either the first 4hrs of the dark phase (i.e., early high BCAA; EHB) or during the last
4hrs of the dark phase (i.e., late high BCAA; LHB); mice fed low BCAA meals during these time periods
served as controls (i.e., ELB and LLB for mice in early and late low BCAA meal groups, respectively; see
illustration in Supplemental Fig. 1A). After the 4hr meal, body weight was determined gravimetrically (n=20),
cardiac function was assessed by echocardiography (n=16), and hearts were collected for gene expression
assessment by RT-PCR (represented as fold change from LLB; n=18-20). Data/samples were collected at

ZT16 (ELB and EHB groups) and ZT24 (LLB and LHB groups). All data are reported as mean + SEM.

Parameter ZT16 ZT24

ELB EHB LLB LHB
Body Weight (g) 28.61+0.63 29.34+0.49 28.98+0.52 | 30.01%0.39
Left Ventricular Posterior Wall Thickness (mm; S) | 1.24+0.09 1.17+0.05 1.26+0.06 1.24+0.07
Left Ventricular Posterior Wall Thickness (mm; D) | 0.98+0.08 0.93+0.06 0.90+0.05 0.92+0.07
Intraventricular Septum (mm; D) 1.00+0.07 1.03+0.05 0.99+0.05 1.11 +0.04
Intraventricular Septum (mm; S) 1.30+0.07 1.40+0.07 1.40+0.06 1.41+0.03
Left Ventricular Interior Diameter (mm; D) 3.7340.13 3.95+0.11 3.80+0.06 3.75+0.10
Left Ventricular Interior Diameter (mm; S) 2.77+0.15 2.94+0.08 2.66+0.07 2.75+0.11
Fractional Shortening (%) 26.02+2.11 25.41+1.08 29.96+1.49 26.98+1.31
Left Ventricular Volume (ul; D) 60.68+4.60 69.68+4.90 62.33+2.26 61.19+3.57
Left Ventricular Volume (ul; S) 30.66+3.38 34.1542.02 26.42+1.53 29.41+2.63
Stroke Volume (ul) 30.02+2.57 35.53+3.48 35.90+1.91 31.78+1.63
Cardiac Output (ml/min) 16,047£1,512 | 18,266+1,465 | 19,641+881% | 16,487+931"
Ejection Fraction (%) 51.09+3.36 50.47£1.71 29.96+1.49 53.06+2.10
NppamRNA (A.U.) 1.13+0.26 1.16+0.28 1.05+0.23 1.81+0.23
Myh7mRNA (A.U.) 1.24+0.17 1.16+0.24 1.06+0.21 0.85+0.13

*
'p<0.05 for EHB versus ELB or LHB versus LLB (i.e., high BCAA meal effect within a ZT);

#’p<0.05 for LHB versus EHB (i.e., high BCAA meal effect between ZTs).
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