1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
/f
Yeyvaaa

/ HHS Public Access

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

Published in final edited form as:
J Mol Cell Cardiol. 2021 September ; 158: 115-127. doi:10.1016/j.yjmcc.2021.05.016.

Metabolic Remodeling Precedes mTORC1-mediated Cardiac
Hypertrophy

Giovanni E. Davogustto®!, Rebecca L. Salazar?, Hernan G. Vasquez®2, Anja Karlstaedt®:8,
William P. Dillon?, Patrick H. Guthrie?:3, Joseph R. Martin®4, Heidi Vitrac?, Gina De

La Guardia®®, Deborah Vela®, Aleix Ribas-Latred6, Corrine Baumgartnerd’, Kristin Eckel-
Mahand, Heinrich Taegtmeyer®"

aDivision of Cardiology, Department of Internal Medicine, McGovern Medical School at The
University of Texas Health Science Center at Houston, Houston, TX, USA

bTosoh Bioscience LLC, King of Prussia, PA, USA

¢Cardiovascular Pathology Research Laboratory, Texas Heart Institute at CHI St. Luke’s Health,
and the Department of Pathology and Laboratory Medicine, The University of Texas Health
Science Center at Houston, Houston, TX, USA

dCenter for Metabolic and Degenerative Diseases, Institute of Molecular Medicine, The University
of Texas Health Science Center at Houston, Houston, TX, USA

Abstract

“Corresponding author at.:McGovern Medical School, The University of Texas Health Science Center at Houston, 6431 Fannin Street,
MSB 1.220, Houston, TX 77030, USA. Heinrich.Taegtmeyer@uth.tmc.edu.
ICurrent affiliation: Division of Cardiovascular Medicine, Department of Medicine, Vanderbilt University Medical Center, Nashville,
TN, USA
2Current affiliation: Department of Cardiovascular Surgery, Baylor College of Medicine, Houston, TX, USA

Deceased
4current affiliation: Department of Surgery, Icahn School of Medicine at Mount Sinai, New York, NY, USA
SCurrent affiliation: Edison Engineering Development Program, GE Healthcare, Chicago, IL, USA
Scurrent affiliation: Helmholtz Institute for Metabolic, Obesity and Vascular Research (HI-MAG) of the Helmholtz Zentrum Miinchen
at the University of Leipzig and University Hospital Leipzig, Leipzig, Germany
TCurrent affiliation: Center for Cell and Gene Therapy, Texas Children’s Hospital, Houston Methodist Hospital, and Baylor College of
Medicine, Houston, TX, USA
8Current affiliation: Department of Cardiology, Smidt Heart Institute, Department of Biomedical Sciences, Cedars Sinai Medical
Center, CA, USA
Author contributions
GD: designing research studies, conducting experiments, acquiring data, analyzing data, providing reagents, and writing the
manuscript. RLS: conducting experiments, acquiring data, analyzing data, and writing the manuscript. HV: conducting experiments
(perfusions, GPI assay, WB), revision of the manuscript. AK: conducting experiments (metabolite measurements), revision of
the manuscript. WD: conducting experiments (QPCR), revision of the manuscript. PG: conducting experiments (perfusions). JM:
conducting experiments (QPCR, perfusions), revision of the manuscript. BG: conducting experiments (WB, metabolite measurements),
HVitrac: conducting experiments (Metabolite measurements), revision of the manuscript. GDLG: conducting experiments (qPCR,
perfusions), revision of the manuscript. DV: conducting experiments (fibrosis assessment), revision of the manuscript. ARL:
conducting experiments (voluntary exercise), revision of the manuscript. CB: conducting experiments (voluntary exercise), revision
of the manuscript. KEM: assistance with experiment design (voluntary exercise), providing reagents (voluntary exercise wheels and
infrared motion detectors), revision of the manuscript. HT: designing research studies, data analysis, providing reagents, and writing
the manuscript.

Disclosures
The authors have no conflict of interests to disclose.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Davogustto et al. Page 2

Rationale: The nutrient sensing mechanistic target of rapamycin complex 1 (mTORCL1) and
its primary inhibitor, tuberin (TSC2), are cues for the development of cardiac hypertrophy. The
phenotype of mMTORCL induced hypertrophy is unknown.

Objective: To examine the impact of sustained mTORCL1 activation on metabolism, function, and
structure of the adult heart.

Methods and Results: We developed a mouse model of inducible, cardiac-specific sustained
mTORCL1 activation (MTORC11SA) through deletion of 7sc2. Prior to hypertrophy, rates of
glucose uptake and oxidation, as well as protein and enzymatic activity of glucose 6-phosphate
isomerase (GPI) were decreased, while intracellular levels of glucose 6-phosphate (G6P) were
increased. Subsequently, hypertrophy developed. Transcript levels of the fetal gene program and
pathways of exercise-induced hypertrophy increased. While hypertrophy did not progress to heart
failure. We therefore examined the hearts of wild-type mice subjected to voluntary physical
activity and observed early changes in GPI, followed by hypertrophy. Rapamycin prevented these
changes in both models.

Conclusion: Activation of mMTORCL1 in the adult heart triggers the development of a non-specific
form of hypertrophy which is preceded by changes in cardiac glucose metabolism.

Keywords
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Stress-induced cardiac hypertrophy develops in response to two types of adaptation to
chronic load [1]. The process can be either adaptive or maladaptive, and is considered a
mechanism of the heart to normalize wall stress[2]. Each form of hypertrophy is thought to
have its own distinct metabolic, structural, and functional profile. In adaptive hypertrophy
rates of fatty acid oxidation are increased, while contractile function is preserved, or even
augmented[3]. In maladaptive hypertrophy, rates of fatty acid oxidation are decreased in
favor of glucose oxidation and glycolysis, concomitant with a return to the fetal gene
program, while contractile function ultimately declines [2, 4].

A nodal point of hypertrophy signaling in mammalian cells is the nutrient-sensing
mechanistic target of rapamycin complex 1 (mTORCL1), an evolutionarily conserved kinase
complex that links the insulin signaling pathway to the activation of anabolic processes

and the inhibition of catabolic processes[5-7]. As such, MTORC1 is a key regulator of
cellular metabolism and growth. The primary regulator of mMTORCL1 is the tuberous sclerosis
complex, a heterotrimeric assembly of hamartin, tuberin (TSC2), and TBC1 Domain Family
Member 7 (TBC1D7)[7, 8]. Tuberin, the active component of this assembly, functions

as a GTPase-activating protein for the GTPase Ras homolog enriched in brain (Rheb).
Multiple growth factor pathways converge at the tuberous sclerosis complex, resulting

in phosphorylation of TSC2 which affects its activity. When TSC2 is inhibited, there is
accumulation of GTP-bound Rheb, which strongly activates mMTORC1. Due to its central
role as a modulator of cellular growth, a possible link between mTORC1 activation

and cardiac metabolism should provide new insights into mechanisms driving cardiac
hypertrophy.
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In the hemodynamically stressed heart ex vivo, we have previously observed that mTORC1
activation requires hexose 6-phosphate[9] and leads to contractile dysfunction[10].
Consistent with this observation, diverse pharmacologic and genetic models of mMTORC1
inhibition protect against pathologic remodeling induced by pressure overload[11-14] or
by metabolic stress[15]. On the one hand, this suggests that mTORC1 activation is a
maladaptive process. On the other hand, multiple environmental exercise, and genetic
models of physiologic hypertrophy also show mTORC1 activation. This would suggest that
mTORC1 plays a role as an adaptive regulator, regardless whether hypertrophy is adaptive or
maladaptive[16-18]. Furthermore, constitutive activation of mMTORCZ1 produces no cardiac
phenotype[19], while activation of mMTORCL1 in a model of congenital cardiac deletion of
7sc2results in cardiomyopathy[20]. Due to the presence of other stressors in most of the
above-mentioned studies, it remains uncertain whether sustained mTORC1 activation in the
adult heart, by itself, results in adaptive or maladaptive hypertrophy. The present study
addresses this issue.

To determine the effects of sustained mMTORC1 activation on metabolism, function, and
structure of the adult heart, we developed a mouse model of inducible, cardiomyocyte-
specific, sustained mTORCL1 activation through knockdown of 7sc2. After observing
similarities with physiologic cardiac hypertrophy in our genetic model, we next assessed
cardiac metabolism, and mTORC1 activation in a mouse model of voluntary exercise
and found that in both models hypertrophy is preceded by changes in cardiac glucose
metabolism.

Detailed methods are provided in the Online Data Supplement.

Generation of a cardiac-specific, inducible, sustained mTORC1 activation mouse model
through Tsc2 knockdown

Inducible, cardiac-specific sustained mTORC1 activation was achieved through 7sc2
knockdown mice generated with an inducible MerCreMer system. TSC2f1oX/flox mice were
produced and generously provided by Dr. Michael Gambello of Emory University School of
Medicine [21]. This genetic strain has been validated as a method of conditional disruption
of the 7sc2gene in neural tissue [22, 23], pancreas [24], and aorta [25]. TSC2floX/flox mice
were crossbred with JAX B6.FVB(129)-TG(Myh6-Control/Esr1*)1 Jmk/J (stock #005657).
The TSC2floXWT: o MHC-MerCreMer*/~ progeny were backcrossed with the TSC2flox/flox
mice to obtain TSC2flox/flox: ¢ MHC-MerCreMer*/~ mice (NTORC1iSA), TSC2WT/WT.
aMHC-MerCreMer*~ mice (Control) from a similar genetic background were used as
controls to account for Cre-induced cardiac injury and transient cardiomyopathy [26, 27].
Recombination was induced at 5-6 weeks of age by the intraperitoneal administration of
tamoxifen (TAM, 40mg/kg/day) for 21 days delivered during light cycle between 10:00 and
14:00 o’clock. Mice were housed on a 12-hour light/12-hour dark cycle in the Animal Care
Center at McGovern Medical School, The University of Texas Health Science Center at
Houston. Unless otherwise specified, the animals were fed a standard rodent laboratory diet
ad libitum (LabDiet 5053).

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 September 01.
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Rapamycin treatment

Custom diets containing microencapsulated rapamycin or vehicle were prepared as
previously described by Harrison et af28]. nTORC1!SA mice were randomly assigned

to rapamycin or vehicle diets. Short term diet treatment began at 10 weeks of age and
continued until 12 weeks of age. Long term diet treatment began at 20 weeks and continued
until 28 weeks of age.

Voluntary wheel exercise, basal activity monitoring, and rapamycin treatment

C57BL/6J (Jackson Labs, Bar Harbor, ME) male mice were housed singly in cages
containing either 4-inch exercise wheels or infrared sensors, to measure voluntary exercise
and basal activity respectively (STARR Life Sciences, Oakmont, PA). A first set of mice
was subjected to short term voluntary exercise. On the 6! day, their hearts were harvested 4
hours after dark phase initiation, at peak activity, and after 12 hours of fasting. In a second
set of experiments, mice subjected to the same 6 day exercise protocol were randomly
assigned to being fed vehicle diet, or the microencapsulated rapamycin diet. On the 6

day, their hearts were harvested 4 hours after dark phase initiation, at peak activity, on the
feeding state to ensure there would be enough circulating rapamycin levels for mMTORC1
inhibition. On a third set of experiments, mice were subjected to 6 weeks of activity between
free running animals fed the vehicle diet, free running animals fed the microencapsulated
rapamycin diet, and non-exercised animals fed the vehicle diet. In this second cohort, the
hearts were harvested between 9:00 and 11:00 o’clock. Activity data were collected with
VitalView (STARR Life Sciences, Oakmont, PA) and analyzed by ClockLabs (Actimetrics,
Wilmette, IL).

Echocardiography

Transthoracic echocardiography with pulse wave and tissue Doppler imaging was performed
on male mice under isoflurane anesthesia using a VisualSonics Vevo 3100 platform with a
MX550D probe, as described in the literature [29].

Western blotting

Protein homogenates were prepared from whole hearts as previously described[30]. Proteins
of interest were detected via immunoblotting using horseradish peroxidase-conjugated
secondary antibodies and chemiluminescence. Details of antibodies are provided in the
supplement. Densitometry was performed using ImageJ v1.49 (National Institutes of Health,
Bethesda, MD).

Quantitative reverse-transcript PCR

RNA was extracted from whole hearts using TRIzol®(Thermo Scientific, Wilmington

DE) and the concentration and A260/A280 were measured by a NanoDrop 1000
spectrophotometer (Thermo Scientific, Wilmington DE). Total RNA was reverse transcribed
into complementary DNA with iScriptTM Reverse Transcriptase (BioRad, Hercules CA).
Using specific primers for each target transcript, real-time quantitative PCR was performed
using SYBR-green and transcript levels were evaluated using the 2ACt method, using TATA-
box binding protein ( 74p) and Heat shock protein 90 alpha 1 (Hsp90al) as normalization
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controls, and expressed as a fold change over control, except for TSC2 transcript levels.
Absolute quantification of 7s¢2mRNA level was performed by the standard curve method,
using cyclophilin A (PpiA)as a normalizer, with self-designed primers and TagMan® probe.
At least 3 biological replicates were averaged for each experiment. Validated BioRad
PrimePCR assays were used for the majority of gPCR assays and are listed in Supplement
Table2. The nucleotide sequences for probes as well as forward and reverse primers for the
absolute quantitative PCR assays and pre-miR222 are shown in Supplement Table 3.

DNA extraction and PCR

Hearts from 12 week-old mTORC1SA and Control male mice were excised and
cardiomyocytes isolated as previously described [31]. Then samples from adipose, brain,
gastrocnemius, Kidney, liver, and lungs, excised and flash frozen. Next, DNA was

extracted from whole tissues or cardiomyocytes with Easy prep®(Sigma Aldrich, St Louis
MO). Using 3 primers (Forward 1 5’-CCTCCTGCATGGAGTTGAGT-3’, Forward 2 5’-
CAGGCATGTCTGGAGTCTTG- 3’, Reverse 5’-GCAGCAGGTCTGCAGTGAAT-3’), it is
possible to identify the WT allele, floxed allele, and floxed allele after recombination. The
product of the standard PCR was ran in a 2% agarose gel with ethidium bromide and

PCR products visualized under UV light. The expected base pair size of the products are:
390bp, 434bp and 547bp for WT allele, floxed allele, and floxed allele after recombination,
respectively.

Heart perfusions

Hearts from 12 week old mTORC1SA and Control male mice were retrogradely perfused
by the Langendorff method at 37 °C with Krebs-Henseleit bicarbonate buffer containing
glucose (10 mM) and equilibrated with 95% CO4/5% O in the perfusionsystem previously
described[32, 33] All experiments were done between the hours of 9:00 and 15:00 o’clock.
Radioactive tracers [2-3H]-glucose (50 uCi/L) and [U-14C]-glucose (80 pCi/L) were used
to measure rates of glucose uptake/phosphorylation and rates of glucose oxidation by the
collection of [3H],0 and of [14C]O respectively in the coronary effluent, as described. At
the end of the perfusions, beating hearts were freeze-clamped between aluminum blocks
cooled in liquid N, and then stored at —80 °C[34]. These hearts were used for dry weight
assessment in order to calculate rates of glucose uptake and oxidation.

Glucose 6-phosphate levels, and glucose 6-phosphate isomerase activity

G6P was determined enzymatically in extracts from freeze clamped hearts as previously
described[10]. Glucose 6-phosphate isomerase (GPI) activity was measured by fructose
6-phosphate production from intracellular glucose 6-phosphate (G6P) determined
colorimetrically with resorcinol as described by King[35].

Targeted Nucleotide Analysis using High-Performance Liquid Chromatography

Adenine nucleotide and nicotinamide adenine dinucleotide measurements were conducted
in metabolite extracts from mouse hearts using high performance liquid chromatography
(HPLC) separation and UV detection. Detailed reagents, methods, and instruments used

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 September 01.
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are detailed in the Supplement. Peak identification and quantification were conducted using
Agilent OpenLab. Metabolite abundances were normalized by total protein concentration.

Hearts were excised, weighed and fixed overnight in 4% paraformaldehyde. Next, the fixed
hearts were embedded in paraffin and sectioned at 5 um thickness in the Histopathology
Laboratory of McGovern Medical School at The University of Texas Health Science Center
at Houston.

Cardiomyocyte area

Sections were stained with hematoxylin and eosin (H&E). Ten cardiomyocytes were
analyzed per image, and ten images were taken per heart using a Motic AE2000 inverted
phase microscope with attached Moticam 3 digital camera (Motic Optical, Richmond,
BC, Canada). Images were analyzed using ImageJ v1.49 to measure cardiomyocyte cross-
sectional diameter and area in cells with a single, central nucleus.

Interstitial fibrosis

Sections were stained with Masson’s Trichrome. Fibrosis was measured using a Zeiss
AxioCam HRc digital camera mounted to an Axiophot microscope and analyzed with Image
Pro. An independent examiner (DV) was blinded to the origin of the samples.

Statistical analyses

Results

All data are presented as mean +/— SEM, unless otherwise specified. The number of
animals and replicates per experiment are indicated in the figure and/or figure legends.
Specific statistical methods of comparison between groups are expanded upon in the
figure legends and in the Online Data Supplement. A p value of < 0.05 was considered
statistically significant. For Targeted Nucleotide Analysis using High-Performance Liquid
Chromatography a FDR < 0.1 was considered statistically significant.

Mouse model of inducible, cardiac-specific sustained mTORC1 activation.

Cardiomyocyte-specific sustained mTORC1 activation was achieved though partial

7sc2 deletion using Cre-lox recombination. Recombination in the 7sc20x/flox: o MHC-
MerCreMer*/~ (mMTORC1SA) mice was achieved by daily injections of tamoxifen (TAM,
40mg/kg body weight) for a period of 3 weeks, beginning at 5 weeks of age (Figure

1A). Tsc2WTWT: o MHC-MerCreMer*/~(Control) mice were chosen as controls receiving
the same course of daily TAM injections to account for potential cardiotoxic effects of

the Cre recombinase[26, 36]. At 12 weeks of age, nTORC1SA mice displayed a ~3-fold
decrease in TSC2 whole heart protein levels compared to control (Figure 1B). PCR of whole
heart genomic DNA and RT-qPCR of whole heart RNA confirmed 7s5c2recombination
and reduced 7sc2expression (Supplement Figure 1A, B). Recombination of 7s¢2by

Cre was restricted to the cardiomyocyte (Supplement Figure 1C). Activation of mMTORC1
was confirmed by an increase in the phosphorylation of mTOR, ribosomal protein S6

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 September 01.
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kinase (p70S6K), and eukaryotic translation initiation factor 4E-binding protein 1 (4EBP-1)
(Figure 1C-E). Because the tuberous sclerosis complex is required for the mechanistic
target of rapamycin complex 2 (MTORC?2) activation[37], we investigated changes in
phosphorylation on the target of mMTORC2, Akt Ser 473 residue. Also, because mTORC1
can be activated through the insulin signaling pathway, we investigated Akt phosphorylation
at the Thr 308 residue. There were no differences in phosphorylation between groups,
indicating that changes in activation of mMTORC2 nor the insulin signaling pathway were
induced by knockdown of 7sc2 (Figure 1 F-G).

With respect to other branches of mTORCL1 signaling, there was an increase in the
phosphorylation of Unc-51 like autophagy activating kinase (ULK-1) in hearts of
mTORC1ISA mice (Supplement Figure 1D), suggesting inhibition of autophagy with
mTORC1 activation, as expected. However, there was no change in levels of mature
SREBP-1 protein levels between both groups (Supplement Figure 1E). Furthermore, insulin
receptor substrate 1 (IRS-1) phosphorylation (Ser 1101) was not different between both
groups, suggesting no chronic activation of the insulin signaling pathway by p70S6K
(Supplemental Figure 1F).

Concentric left ventricular hypertrophy in hearts of mMTORC1ISA mice.

Serial echocardiography showed no differences between control and mTORC1SA mice on
left ventricular structure or systolic function at 12 weeks (Supplement Table 1). However,

at 28 weeks of age, hearts of mMTORC1SA mice had significantly smaller left ventricular
internal diameter which led to a significant increase in relative wall thickness (RWT) (Table
1, and Supplement Figure 2). Systolic function was augmented in the mTORC1!SA mice, but
diastolic function did not differ between groups at 28 weeks of age.

Compared to controls, 28 week old mTORC1iSA mice showed a significant increase in
cardiomyocyte cross sectional area, with a corresponding increase in the heart weight to
body weight (HW/BW) ratio (Figure 1H-I). Prior to Cre induction (5 weeks of age),

and at 12 weeks of age, mTORC1/SA and Control mice displayed similar cardiomyocyte
cross-sectional areas and HW/BW ratios (Figure 1H-I). There was no difference in fibrosis,
and the relatively high percentage of fibrosis observed in both groups was likely due to
Cre-recombinase activity[38] (Figure 1J). Weight gain and long term survival did not differ
between groups (Supplement Figure 3).

Gene expression after sustained mTORCL1 activation in the heart.

Changes in gene expression in mTORC1'SA mice at 28 weeks included increased transcript
levels of the structural proteins myosin heavy chain p (My#7) and skeletal a.-actin

(Actal) (Figure 2A), as well as the biomarker brain natriuretic peptide (Appb) (Figure

2B). Transcript levels of the early-response gene c-Myc were increased (Figure 2C). The
expression of Cbp/p300 interacting transactivator 4 (Crted4) was also significantly increased
at 28 weeks. (Figure 2D). The remainder of the fetal gene program[39] was unchanged at 28
weeks (Supplement Figure 4).

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 September 01.
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Metabolic remodeling precedes structural remodeling in hearts of mMTORC1ISA mice.

Rates of glucose uptake and oxidation, as assessed in retrogradely perfused hearts at 12
weeks, were reduced in mTORC1SA mice (Figure 3A-B), while levels of key proteins
involved in glucose transport and phosphorylation (GLUT-1, GLUT-4, hexokinase 2)
remained unchanged (Supplement Figure 5A-C).

Because we had previously shown that hexose 6-phosphate is required to activate mTORC1
in rat heart [9, 10], we measured G6P, the product of hexokinase-2 and the first committed
metabolite in the glycolytic pathway. G6P levels were increased in hearts of mMTORC1!SA
mice (Figure 3C), in spite of reduced rates of glucose uptake, suggesting a greatly reduced
flux in the glycolytic pathway downstream from hexokinase. Phosphorylation of the cardiac
isoform of phosphofructokinase-2 (PFKFB?2), a chief regulator of glycolysis, was unchanged
(Supplement Figure 5D).

Karlstaedt ef al. recently examined the interaction between mTORC1 activation and glucose
metabolism in the isolated working rat heart. In this study, the CardioGlyco computational
model tracked flux and metabolite changes together with increase in cardiac work. It
revealed that glycolysis was inhibited at the level of GPI[40]. Therefore, we interrogated
GPI in the present genetic model and found a decrease in GPI enzyme activity at 12 weeks
which persisted through 28 weeks of age (Figure 3D). Protein levels of GPI were decreased
5-fold in MTORC1/SA mice as early as 12 weeks of age, which were attenuated at 28 weeks
of age (Figure 3E). However, transcript levels of GPI at both 12 and 28 weeks did not differ
(Figure 3F).

Despite the observed changes in glucose uptake and oxidation, there was no difference in the
levels of ATP, ADP, and AMP in hearts of mTORC1!SA mice (Figure 3G). Also, there was
no changes in AMPK phosphorylation at Thr 172 between both groups (Supplement Figure
6A). To further investigate energy metabolism in hearts of mMTORC1SA mice, we found

no difference in levels of nicotinamide adenine dinucleotides (NAD*/NADH). Similarly,

to investigate possible disturbances in redox balance caused by a possible spillage of
glucose into the oxidative pentose phosphate pathway, we measured nicotinamide adenine
dinucleotide phosphates (NADP*/NADPH). There were no significant changes in the levels
of these metabolites either (Figure 3H). Collectively, these data support that hearts of
mTORC1SA mice are not subjected to an energetic deficit or redox balance alterations.

Lastly, there was no difference between both groups in phosphorylation of acetyl-Co-A
carboxylase (Supplement Figure 6B). This suggests a similar activity of this enzyme which
catalyzes the carboxylation of acetyl-CoA into malonyl-CoA, a potent inhibitor of carnitine
palmitoyltransferase 1 and, consequently, of fatty acid oxidation.

Induction of MTORCL1 activation and metabolic changes by voluntary exercise.

At this point, we reasoned that the observed hypertrophy in the mMTORC1 model possessed
several features of adaptive hypertrophy, and went on to randomly assign wild-type
C57BL/6J mice to either wheel running ad libitum (exercise), or to basal activity monitoring
(sedentary). Mice housed with wheel-runners for 6 days displayed greater activity per

diem than sedentary controls (Figure 4A) without a change in the HW/BW ratio (Figure

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 September 01.
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4B). After 6 days, hearts of animals subjected to exercise exhibited increased mTOR
phosphorylation at Ser 2448 (Figure 4C). To evaluate if this mMTORCL1 activation was driven
by TSC-2, we blotted for TSC-2 phosphorylation at Ser 1387, and it was decreased in
hearts of mice subjected to exercise (Figure 4D). This residue is phosphorylated by AMPK,
and its phosphorylation leads to inhibition of MTORC1 by TSC2 in response to energy
deprivation[41]. There was also a decrease in GPI protein levels (Figure 4E). In spite of the
decrease in GPI protein levels, GPI activity was increased (Figure 4F). Also, G6P levels
were higher in exercised animals, but this difference did not reach statistical significance
(Figure 4G). After short term exercise, ATP was not significantly changed but ADP and
AMP were decreased (Supplement Figure 7A), and AMPK phosphorylation of Thr 172 was
not significantly changed (Figure 4H). Nicotinamide adenine dinucleotides were all reduced
(Supplement Figure 7B).

Effects of Rapamycin treatment in mTORC1ISA and exercise models.

mTORC1ISA mice were fed a diet containing encapsulated rapamycin to inhibit mTORC
activity at two different points in the progression to cardiac hypertrophy (Figure 5A). The
pharmacologic effects of rapamycin were confirmed with the assessment of phosphorylation
of p70S6K in MTORC1SA mice at 28 weeks of age fed with chow containing rapamycin or
vehicle for 8 weeks. As expected phosphorylation of p70S6K was reduced with rapamycin
treatment (Supplement Figure 8).

The structural and functional changes seen in MTORC1SA mice at 28 weeks of age were
prevented by rapamycin which was added to the diet for the last eight weeks of the
experimental protocol. Echocardiography at 28 weeks showed decreased the left ventricular
anterior wall thickness, systolic function, and relative wall thickness. Rapamycin treatment
increased left ventricular internal diameter (Table 2). There was no significant difference

in diastolic function with rapamycin treatment. Cardiomyocyte cross-sectional area and
HW/BW ratio in rapamycin treated mTORC1/SA mice did not differ from controls (Figure
5B-C). The changes in GPI protein levels observed at 12 weeks of age were also prevented
by addition of rapamycin to the diet (Figure 5D).

Based on the increased phosphorylation of mTOR, decreased protein levels of GPI, and
increased GPI activity observed in wild-type mice after six days of voluntary exercise, we
also treated wild-type C57BL/6J mice with rapamycin during voluntary exercise. To evaluate
if the metabolic changes observed in the short term exercise model could be prevented with
rapamycin, we subjected mice to voluntary wheel exercise for 6 days, while assigning them
to being fed with vehicle diet or rapamycin diet. The changes in GPI activity after the 6-day
exercise protocol was prevented by addition of rapamycin to the diet (Figure 5E).

To probe if the remodeling induced by long term exercise could also be prevented with
rapamycin, we then randomly assigned mice to three different groups: 1) a sedentary group
fed the vehicle diet, 2) a voluntary exercise group fed the vehicle diet, and 3) a voluntary
exercise group fed the rapamycin diet. After six weeks, HW/BW ratio was increased in
voluntarily exercised mice fed the vehicle diet. Addition of rapamycin to the diet prevented
this increase (Figure 5F). Body weight did not differ between the three groups nor did
activity levels differ between the two diets of the voluntary exercise groups (Supplement

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 September 01.
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Figure 9A-B). In in hearts of mice subjected to long-term exercise there was no significant
difference in mTORCL1 phosphorilation (Supplement Figure 9C). Also, the decrease in GPI
protein levels was no longer observed (Figure 5G). Regardless of unchanged GPI protein
levels in this time point, GPI activity was also increased in voluntarily exercised mice fed
the vehicle diet, and adding rapamycin to the diet prevented this increase (Figure 5H).
With long term exercise there was a significant increase in ATP levels in mouse hearts,
which was not seen with rapamycin treatment (Figure 5H). There was also a decrease in
NAPD levels, although changes in NADP were not prevented with rapamycin treatment
(Supplement Figure 10).

Discussion

We examined the impact of sustained mTORCL1 activation on glucose metabolism, function
and structure of the adult mouse heart and found that activation of mTORCL triggers

the development of a non-specific form of hypertrophy which is akin to exercise induced
hypertrophy and preceded by changes in cardiac energy substrate metabolism. The findings
merit a discussion of the different forms of cardiac hypertrophy and remodeling[2] before
we consider possible mechanisms for the observed findings.

Physiologic vs. pathologic hypertrophy

With physiologic remodeling, there is no decrease in survival after a prolonged follow-up
period, no increase in myocardial fibrosis, and no energetic deficit. This is also what we
found in our genetic model. The metabolic remodeling, characterized by decreased glucose
utilization, was also compatible with prior reports of physiologic changes in acute exercise
bouts[3, 42]. However, the observed hypertrophy possessed distinct transcriptional changes
associated with both, physiologic and pathologic, hypertrophy. Expression of the fetal
isoforms of the structural proteins myosin and actin were increased without a change in the
expression of the adult isoforms. Another transcriptional feature of maladaptive hypertrophy
included increases in brain natriuretic peptide and ¢c-Myrc, while Cited4 increased and

the metabolic genes of the fetal gene program (both considered features of physiologic
remodeling) remained unchanged.

Hence, our findings are consistent with previous models of mMTORC1 activation in both
physiologic and pathologic hypertrophy. Here it is also important to note that of the
previously published studies of mMTORCL activation in the heart, the phenotype observed
in our model was surprisingly different than a model of constitutive 7sc2deletion published
by Taneike et af20]. Constitutive deletion of 7scZresulted in cardiomyocyte hypertrophy,
cardiac dysfunction, and decreased survival. It is possible that the effect of mMTORC1
sustained activation in the heart depends on developmental age. An argument against the
differential effects of MTORC1 activation by age is the fact the constitutive active mTOR
kinase mice do not develop a cardiac phenotype[19]. However, there could be a differential
effect of mMTORCL activation by 7sc2deletion that has an age-dependent difference in
effects on the heart. Another consideration to explain the differences is that a Cre control
group was not included in Taneike’s study, which makes it difficult to dissect the effects

of mTORCL from those of Cre activation in their model, or their interaction. This is
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relevant because constitutive Cre activation in the heart is cardiotoxic and can cause dilated
cardiomyopathy, although at a later age[43, 44].

mMTORC1 activation by itself is neither adaptive or maladaptive

We propose that, instead of representing a switch for hypertrophy, the effects of mMTORC1
activation in the adult heart are dependent on timing, duration of activation, and other
stimuli. Thus mTORCL1 is an enabler, or a hub of molecular signaling, facilitating metabolic
remodeling first, and then hypertrophy, which is determined to be either physiologic

or pathologic and the respective metabolic signature depending on the stimuli, and
consequently other signaling pathways that are activated and/or inhibited concomitantly.
We speculate that with pressure overload, mTORC1 activation synergizes with pathologic
signaling cascades such as calcineurin, nuclear factor of activated T-cells (NFAT), mitogen-
activated, and extracellular signal-regulated kinases (MAPK/ERK)[45], and leads to heart
failure. However, in the mTORC1iSA model, where the activation of mTORC1 occurs in
early adulthood and is independent of such stresses, the hypertrophy exhibited appears to be
non-pathologic. In this context, we note that the concept of hypertrophy being a continuum
between physiologic and pathologic, rather than a dichotomous outcome has been raised
before[46]. Our model, an intermediate phenotype in the physiologic end of this hypertrophy
spectrum, supports this hypothesis.

It is also possible that the input affecting TSC2 activity, the degree of mMTORCL activation,
as well as to which extent downstream targets of mTORC1 are preferentially activated
and/or inhibited, determine the fate of hypertrophy in the heart, either pathologic or
physiologic. Supporting this hypothesis, Oeing et a/, recently showed that expression of
S1365A mutation of TSC2 results in amplification of mMTORC1 activity during ischemia
reperfusion similar to WT controls subjected to ischemic preconditioning, both of which
protect isolated hearts against ischemia reperfusion injury[47]. Prior models of pathologic
and physiologic hypertrophy revealed 4EBP-1 hyperphosphorylation fold change of ~ 2,
while p70S6K phosphorylation is ~2—3 fold for reported models of physiologic hypertrophy
and variable between 2-10 fold in models of pathologic remodeling. Hyperphosphorylation
of 4EBP-1 was in a similar range in our model. However, phosphorylation of p70S6K was
remarkably greater in our model when compated to prior models of mMTORC1 activation in
the heart.

Metabolic changes precede structural changes

In earlier studies[10, 48-50], we showed that metabolic changes precede structural changes
in cardiac remodeling. We argued that metabolism precedes, triggers and sustains functional
and structural remodeling of the heart [51]and provides the building blocks of complex
molecules[52]. Along these lines, Ritterhoff ef a/. demonstrated in isolated cardiomyocytes
that when stimulated with phenylephrine, increased glucose consumption results in greater
aspartate biosynthesis which leads to increased synthesis of nucleotides, RNA, proteins, and
eventually cardiomyocyte hypertrophy[53].

Another link between metabolism and hypertrophy that we have demonstrated in heart
muscle is the requirement of hexose6-phosphates for mTORC1 activation[9, 10]. Karlstaedt
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et al. later showed that in heart muscle, GPI inhibition leads not only to mTORC1 activation
but also shunts G6P into the pentose phosphate pathway (PPP)[40]. These observations are
consistent with those from Roberts et a/. in cardiomyocytes[54], but contrast with recent
findings from Orozco et al., suggesting that dihydroxyacetone phosphate is the signal that
queus glucose availability to mTORCL1 in HEK-293T cells [55].

Conversely, in the genetic model studied here, sustained mMTORC1 activation caused
accumulation of G6P associated with decreased GPI protein levels and enzymatic activity

in the heart. This provides evidence of the feasibility of bidirectional crosstalk between
metabolism and mTORCL1 in heart muscle. Due to the decrease in glucose uptake and
oxidation in the mTORC1/SA model, we compared these changes with a known example of
physiologic remodeling: voluntary exercise. After six days, the hearts of exercised wild-type
mice displayed a decrease in GPI protein levels and a trend toward an increase in G6P akin
to those observed in the mTORC1!SA model. It was surprising, however, to find elevated GPI
activity levels in this animals in spite of reduced protein levels. After six weeks, the hearts
of voluntarily exercised wild-type mice showed a significant increase in heart size, and in
GPI activity despite unchanged GPI protein levels. Rapamycin, a pharmacologic inhibitor
of mMTORCL, prevented the key metabolic and hypertrophic changes in both the voluntary
exercise and the mTORC1/SA models, suggesting a driving role of mTORC1 in both models.

Our findings support the observations by Gibb et a/[42], who used a kinase deficient
6-phosphofructo 2-kinase/fructose 2,6-biphosphatase (PFKFB2) to assess changes in
myocardial glucose metabolism during exercise and found physiologic remodeling
accompanied by an impairment of glycolytic flux during acute exercise. Similarly, a

tight coupling of myocardial glucose uptake and oxidation caused by metformin prevents
cardiac hypertrophy and improves systolic function in a model of pressure-overload[56].
The increase in ATP levels observed in hearts of mice subjected to long term voluntary
exercise were prevented with rapamycin treatment. Taken together, these findings suggest
that changes in energy providing metabolism are a consistent feature in the progression of
cardiac hypertrophy.

Despite the insights from our study, our models have some limitations that require
mentioning. First, it is challenging to conclude that mTORC1 activation by itself

results in improved systolic function /n vivo, due to potential differential sensitivity to
isofluorane in MTORC1ISA mice, as evidenced by lower heart rate in this group during the
echocardiograms compared with controls. Also, the different conditions of hearts harvesting
between short and long term exercise models, particularly feeding state in the long term
exercise cohort, are potential reasons for not observing differences in mTORC1 activation in
them and difficult the comparison of progression of metabolic changes. Lastly, the increased
GPI activity with the 6 day exercise protocol might be due the fact that hearts animals are
closer to the metabolic steady state achieved with training. Hence, our 6 day protocol might
be an intermediate model of acute exercise bouts and long term training model.

In conclusion, cardiac-specific mMTORC1 activation during early adulthood results in
concentric hypertrophy without producing cardiac dysfunction. In the absence of external
pathologic stimuli, which increase the heart’s demand for glucose, sustained mTORC1
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activation results in a decrease of GPI protein and activity, and a subsequent reduction

in glycolytic flux. This metabolic remodeling precedes the structural changes observed
in our cardiac-specific, inducible tuberin knockdown model and suggests that metabolic
manipulation may serve as a target for modulating the hypertrophic response in the heart.
Furthermore, we provide evidence that mMTORC1 orchestrates metabolic remodeling that
occurs in hearts with voluntary exercise.

The results presented here also encourage us to reexamine the spectrum of adaptive and
maladaptive cardiac hypertrophy on a metabolic background. If reduction in GPI protein
levels are sufficient to trigger hypertrophic remodeling, in which are the changes underlying
the transition from the physiologic to pathologic remodeling?
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Highlights

. Sustained mTORCL activation via inducible tuberin knockdown in the heart
results in concentric hypertrophy without producing cardiac dysfunction.

. Sustained mTORC1 activation in the heart results in decrease of glucose 6-
phosphate isomerase protein and activity. This is accompanied by a reduction
of glycolytic flux that precedes hypertrophy.

. In short term voluntary exercise there is a similar activation of mMTORC1
via reduced TSC2 phosphorylation at Serine 1387, and a decrease in glucose
6-phosphate isomerase protein levels, but with increased activity which is
prevented with rapamycin treatment.
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Figure 1. TSC2 knockdown produces sustained mTORC1 activation in adult mouse hearts
leading to cardiac hypertrophy without increased fibrosis.

(A) Model of sustained mTORC1 activation via 7s¢2knockdown, timeline of Cre-
recombinase induction, and timepoints for assessment of metabolic and structural
remodeling. (B) TSC2 protein levels in mTORC1/SA mouse hearts at 12 weeks were
decreased (n=5 Control and 6 MTORC1SA mice). (C) mTOR phosphorylation at Ser2448
was increased in mTORC1ISA mouse hearts at 12 weeks (n=5 Control and 6 mTORC1iSA
mice). (D) Phosphorylation of p70S6K at Thr389 was increased in mTORC1iSA

mouse hearts at 12 weeks (n=5 Control and 6 mTORC1/SA mice). (E) 4EBP-1 was
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hyperphosphorylated at Thr70 in mTORC1!SA mouse hearts at 12 weeks (n=5 Control and
6 MTORC1ISA mice). (F) Akt phosphorylation at Ser473 was unchanged in mTORC1iSA
mouse hearts at 12 weeks (n=5 Control and 6 mTORC1!SA mice). (G) Akt phosphorylation
at Ser308 was unchanged in mTORC1iSA mouse hearts at 12 weeks(n=5 Control and 6
mTORC1SA mice). (H) Cardiomyocyte cross-sectional areas pre-recombination (5 weeks,
n=5 Control and 6 mTORC1!SA mice), and post-recombination (12 weeks [n=5 Control
and 4 mTORC1SA mice], and 28 weeks [n=3 Control and 4 mTORC1/SA mice]), with
representative H/E at 28 weeks. (1) Heart Weight to Body Weight (HW/BW) ratios from
Control and mTORC1/SA mice pre-recombination (5 weeks, n=5 Control and 6 mTORC1iSA
mice), and post-recombination (12 weeks [n=9 mice per group], and 28 weeks [n=7
Control and 18 mTORC1!SA mice]). (J). Fibrosis in hearts of Control and mTORC11SA
post-recombination (12 weeks [n=4 Control and 9 mTORC1iSA mice], and 28 weeks [n=4
Control and 9 mTORC1iSA mice]), with representative Masson Trichrome at 28 weeks.
Statistical significance was calculated using unpaired two-tailed Student’s t test (B-G), and
two-way ANOVA with Bonferroni’s multiple comparisons test (H-J); *p<0.05, **p<0.01.
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Figure 2. Sustained mMTORC1 activation in adult mouse hearts results in transcriptional changes
associated with both adaptive and maladaptive hypertrophy.

(A) The fetal isoforms of myosin heavy chain (My#h7) and actin (Acta) were upregulated
at 28 weeks in mTORC1ISA mice (n= 9 mice per group). (B) Brain natriuretic peptide
(Nppb) was upregulated at 28 weeks in mTORC1SA mice (n= 9 mice per group). (C) c-Myc
expression was upregulated at 28 weeks in mMTORC1/SA mice (n= 9 mice per group). (D)
Cited4 was upregulated at 28 weeks in mTORC1/SA mice (n= 9 mice per group). Statistical
significance was calculated using unpaired two-tailed Student’s t test with correction for
multiple comparisons using the Holm-Sidak method; *p<0.05, **p<0.01. Myh6, myosin
heavy chain a.; Myh7, myosin heavy chain B; Actcl, cardiac a-actin; Actal, skeletal
a-actin; Cited4, Cbp/p300 interacting transactivator 4; Cebpb, CCAAT/enhancer-binding
protein B; miR222, pre-miRNA 222; Myc, c-Myc; Nppa, atrial natriuretic protein; Nppb,
brain natriuretic protein.
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Figure 3. Sustained mTORC1 activation in adult mouse hearts induces metabolic remodeling in

mTORC1SA mice at 12 weeks.

(A) Rates of glucose uptake and (B) glucose oxidation were decreased in retrogradely

perfused mTORC1ISA mouse hearts at 12 weeks (n= 4 Control and 6 MTORC1SA mice).
(C) G6P metabolite levels were elevated in the heart muscle of mMTORC1!SA mice at 12
weeks (n=5 mice per group). (D) GPI activity is depressed at 12 weeks (n=5 Control and

6 mMTORC1ISA mice) in mTORC1ISA and this decrease is sustained through 28 weeks (n= 4
Control and 6 MTORC1SA mice). (E) GPI protein levels measured in mTORC11SA mouse
hearts at 12 weeks (n=6 mice per group) were decreased and this decrease is attenuated
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at 28 weeks (n= 5 Control and 4 mMTORC1!SA mice). (F) There was no change in the
transcription of GPI at either 12 weeks (n= 4 Control and 6 mTORC1/SA mice) or 28 weeks
(n=9 mice per group). (G and H) Levels of ATP, ADP, and AMP, as well as Nicotinamide
adenine dinucleotides were similar in mTORC1SA than in control mouse hearts at 12 weeks
(n=6 mice per group). Nucleotide abundance is expressed as fold-change from control,

and was normalized by total peak area and protein concentration. Statistical significance
was calculated using two-way ANOVA (A and B), unpaired two-tailed Student’s t test

(C), two-way ANOVA with Bonferroni’s multiple comparisons test (D and F), unpaired
two-tailed Student’s t test with correction for multiple comparisons using a FDR of 0.1
(G-H); *p<0.05, **p<0.01.
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Figure 4. GPI protein levels are decreased in parallel with increased mTOR phosphorylation
during acute exercise after six days of voluntary exercise training.

(A) Representative home cage circadian activity of sedentary and voluntarily exercising
C57BL6/J mice, as measured by infrared motion detector (left columns) and wheel runner
reed switches (right columns). (B) Heart weight to body weight ratio does not differ between
groups after 6 days of voluntary exercise (n=6 mice per group). (C) mTOR phosphorylation
at Ser2448 is increased in voluntarily exercised C57BL6/J mice (n=6 mice per group). (D)
TSC2 phosphorylation at Ser1387 is decreased in voluntarily exercised C57BL6/J mice
(n=6 mice per group). (E) GPI protein levels are decreased in the hearts of voluntarily
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exercised C57BL6/J mice (n=6 mice per group). (F) GPI activity is increased in the hearts of
voluntarily exercised C57BL6/J mice (n=6 mice per group) (G) G6P levels in the hearts of
voluntarily exercised mice are not significantly increased (n=6 mice per group). (H) AMPK
phosphorylation at Thr172 is unchanged in voluntarily exercised C57BL6/J mice (n=6 mice
per group). Statistical significance was calculated using unpaired two-tailed Student’s t test;
*p<0.05, ** p<0.01.
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Figure 5. R?Apamycin treatment prevents metabolic and structural remodeling observed in both
mTORC1SA and exercise models.

(A) Model of sustained mTORC1 activation via 7s5¢2 knockdown, timeline of treatment with
rapamycin prior to metabolic and structural remodeling. The increases in cardiomyocyte
area (B) and HW/BW ratio (C) seen in mTORC1/SA mice at 28 weeks were prevented

when fed a diet containing rapamycin for 8 weeks (n=3 and 7 Control mice in B and C,
respectively, 7 mTORC1SA mice treated with vehicle and 10 mTORC1iSA treated with
rapamycin). (D) Two weeks of rapamycin in the diet prevented the decrease of GPI protein
levels seen in hearts of mMTORC1/SA mice at 12 weeks (n=6 Vehicle treated and 4 rapamycin
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treated mice). (E) Rapamycin in the diet during the six days exercise protocol prevevents
GPI activity increase in hearts of voluntarily exercised C57BL6/J mice (n=4 mice per
group). (F) After 6 weeks of voluntary exercise, HW/BW ratio increases in C57BL/6 mice
similar to the HW/BW increase seen in mTORC1ISA mice, and rapamycin diet during this 6
week period prevented this increase (n=6 mice per group). (G) After 6 weeks of voluntary
exercise, GPI protein levels in hearts of C57BL/6 mice were unchanged. Rapamycin, diet
during this 6 week period did not cause further changes in GPI (n=6 mice per group). (F)
After 6 weeks of voluntary exercise, GPI activity increases in C57BL/6 mice similar and
rapamyecin diet during this 6 week period prevented this increase (n=6 mice per group).

(1) After 6 weeks of voluntary exercise, ATP levels were increased in hearts of C57BL/6
mice, and rapamycin diet during this 6 week period prevented this increase, (n=6 mice per
group). Statistical significance was calculated using one-way ANOVA with Tukey’s multiple
comparisons test (B, C, F-H), unpaired two-tailed Student’s t test (D-E), and one-way
ANOVA with Tukey’s multiple comparisons test using a FDR of 0.1 (1), (*p < 0.05 orFDR <
0.1, ** p<0.01, *** p<0.001)
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Table 1.

Echocardiographic parameters in mTORC1SA and Control mice at 28 weeks.

Parameter Control (n=8) mMTORC1A (n=9)
LVAWd (mm) 0.99 + 0.06 1.12+0.05
LVAWSs (mm) 1.44+0.08 1.63+£0.06
LVIDd (mm) 3.970.07 361 +0.09**
LVIDs (mm) 2.81+0.05 2314007
LVPWd (mm) 0.96 + 0.06 1.01+£0.08
LVPWs (mm) 1.35+0.05 1.42+0.10

EF (%) 56.01 + 2.07 66.38 + 1.80
FS (%) 28.92£1.37 36.04+ 1397
Heart rate (bpm) 4339+ 16.48 384.8+7.35"
Relative Wall Thickness ~ 0.49 +0.02 059+003%
E/A 146+0.11 1.83+£0.13
Ele’ 33.94 £3.30 28.23+3.24
IVRT/RR 0.15+0.01 0.15+0.01

LVAW: Left Ventricular Anterior Wall in diastole. LVAWSs: Left Ventricular Anterior Wall in systole. LVIDd: Left Ventricular Internal Diameter
in diastole. LVIDs: Left Ventricular Internal Diameter in systole. L\VPWd: Left Ventricular Posterior Wall in diastole. LVPWs: Left Ventricular
Posterior Wall in systole. EF: Ejection Fraction. FS: Fractional Shortening. Statistical significance was calculated using unpaired two-tailed
Student’s t test;

*
£<0.05

*ok

p<0.01.
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Table 2.

Echocardiographic parameters in mTORC1/SA mice fed either rapamycin or vehicle diet at 28 weeks.

Parameter Vehicle (n=6) Rapamycin (n=6)
LVAWd (mm) 1.18 £0.06 087 +0.07**
LVAWs (mm) 1.70 £ 0.07 1284010
LVIDd (mm) 3.4210.19 3.99+0.16%
LVIDs (mm) 2.06 £0.19 286+0.23"
LVPWd (mm) 1.04 +0.06 0.99 +0.10
LVPWSs (mm) 1.50 £ 0.09 1.39+0.13

EF (%) 7376£293  5739+465"
FS (%) 4213+238  3017+300%
Heart rate (bpm) 382.3+13.49 413.7 £9.82
Relative Wall Thickness ~ 0.66 = 0.06 0.47 +0.04°
E/A? 1.90 +0.08 1.45+0.25
Ele’ 3397171 38.04 +4.31
IVRT/RR 0.14 £ 0.02 0.14 +0.01

LVAW: Left Ventricular Anterior Wall in diastole. LVAWSs: Left Ventricular Anterior Wall in systole. LVIDd: Left Ventricular Internal Diameter
in diastole. LVIDs: Left Ventricular Internal Diameter in systole. LVPWd: Left Ventricular Posterior Wall in diastole. LVPWSs: Left Ventricular
Posterior Wall in systole. EF: Ejection Fraction. FS: Fractional Shortening.

Aoy oo . . . . . . . .
Statistical significance was calculated using unpaired two-tailed Student’s t test, with the exception of, calculated with unpaired two-tailed
Student’s t test with Welch’s correction

£<0.05

HAA
p<0.01.

1duosnuey Joyiny

1duosnuep Joyiny

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



	Abstract
	Methods
	Generation of a cardiac-specific, inducible, sustained mTORC1 activation mouse model through Tsc2 knockdown
	Rapamycin treatment
	Voluntary wheel exercise, basal activity monitoring, and rapamycin treatment
	Echocardiography
	Western blotting
	Quantitative reverse-transcript PCR
	DNA extraction and PCR
	Heart perfusions
	Glucose 6-phosphate levels, and glucose 6-phosphate isomerase activity
	Targeted Nucleotide Analysis using High-Performance Liquid Chromatography
	Histology
	Cardiomyocyte area
	Interstitial fibrosis
	Statistical analyses

	Results
	Mouse model of inducible, cardiac-specific sustained mTORC1 activation.
	Concentric left ventricular hypertrophy in hearts of mTORC1iSA
mice.
	Gene expression after sustained mTORC1 activation in the heart.
	Metabolic remodeling precedes structural remodeling in hearts of mTORC1iSA mice.
	Induction of mTORC1 activation and metabolic changes by voluntary exercise.
	Effects of Rapamycin treatment in mTORC1iSA
and exercise models.

	Discussion
	Physiologic vs. pathologic hypertrophy
	mTORC1 activation by itself is neither adaptive or maladaptive
	Metabolic changes precede structural changes

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.

