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Abstract

Background—Rheb is a GTP-binding protein that promotes cell survival and mediates the
cellular response to energy deprivation (ED). The role of Rheb in the regulation of cell survival
during ED has not been investigated in the heart.

Methods and Results—Rheb is inactivated during cardiomyocyte (CM) glucose deprivation
(GD) /n vitro, and during acute myocardial ischemia /n vivo. Rheb inhibition causes mMTORC1
inhibition, because forced activation of Rheb, through Rheb overexpression /7 vitro and through
inducible cardiac-specific Rheb overexpression /n vivo, restored mTORC1 activity. Restoration of
mTORC1 activity reduced CM survival during GD and increased infarct size after ischemia, both
of which were accompanied by inhibition of autophagy, whereas Rheb knockdown increased
autophagy and CM survival. Rheb inhibits autophagy mostly through Atg7 depletion. Restoration
of autophagy, through Atg7 re-expression and inhibition of mTORCL1, increased cellular ATP
content and reduced endoplasmic reticulum stress, thereby reducing CM death induced by Rheb
activation. Mice with high fat diet-induced obesity and metabolic syndrome (HFD mice) exhibited
deregulated cardiac activation of Rheb and mTORC1, particularly during ischemia. HFD mice
presented inhibition of cardiac autophagy and displayed increased ischemic injury.
Pharmacological and genetic inhibition of mMTORC1 restored autophagy and abrogated the
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increase in infarct size observed in HFD mice, but they failed to protect HFD mice in the presence
of genetic disruption of autophagy.

Conclusions—Inactivation of Rheb protects CMs during ED through activation of autophagy.
Rheb and mTORC1 may represent therapeutic targets to reduce myocardial damage during
ischemia, particularly in obese patients.
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Introduction

Heart failure is viewed as one of the major health care problems worldwide, with acute
myocardial infarction (MI) as the most common predisposing cause 1. It is fundamental to
clarify the mechanisms regulating cardiomyocyte (CM) death and survival during ischemic
injury, in order to find new therapies to reduce the amount of myocardial loss after a sudden
coronary occlusion.

Ras homology enriched in brain (Rheb) is a small GTP-binding protein that has been shown
to regulate the cellular stress response, both in lower organisms and in mammalian cell lines.
In particular, Rheb appears to be a critical sensor of energy stress, being inactivated under
this condition. Inhibition of Rheb during cellular stress promotes the upregulation of
adaptive mechanisms, such as cell cycle arrest and growth inhibition, which may save
energy, favor DNA repair, and thus be protective 2-4. On the contrary, Rheb is
hyperactivated in cancer cells, where it promotes stress resistance and survival, and Rheb
activation was found to directly inhibit apoptotic pathways induced by amino acid
deprivation and genotoxic stress °: 6. Therefore, it is not clear whether Rheb activity is
protective or detrimental during cellular stress. Remarkably, the role of Rheb in response to
acute energy deprivation, and in regulation of cell death and survival, has never been
investigated in the heart.

Rheb activity is regulated by upstream kinases, such as Akt, AMPK and GSK-3p, which
control Rheb through direct modulation of the heterodimer composed of the tuberous
sclerosis complex proteins 1 (TSC1) and 2 (TSC2). The TSC1/TSC2 complex inhibits Rheb
by exerting a strong GTPase activity toward it 2 7. Rheb directly binds and selectively
activates the multiprotein complex 1 of mammalian target of rapamycin (mnTORC1), which
in turn mediates many cellular functions, such as protein translation 8. mTORC1 is also
inhibited in response to energy stress, and its inactivation reduces protein synthesis and
upregulates autophagy &. However, mTORC1 activation also promotes cell survival and
inhibits apoptosis in several stress conditions, and therefore, whether mTORCL inhibition is
detrimental or protective during cellular stress is stimulus-dependent > 8,

The role of MTORCL in mediating survival and death of CMs has only been investigated in
models of chronic cardiac remodeling, with discordant results ®-11. Importantly, the effect of
direct and selective mTORCL1 versus mTORC2 modulation during CM acute energy
deprivation, such as myocardial ischemia, remains to be elucidated. It is also unclear how
mTORC1 is modulated during CM energy deprivation and whether Rheb, an immediate
upstream regulator of mMTORCL, is critically involved in such regulation in CMs.

In our study, we investigated the role of Rheb in the regulation of cell death and survival
during CM starvation and ischemia, and the underlying molecular mechanisms. In
particular, we studied whether a direct and selective modulation of mTORC1 induced by
Rheb is involved in the effects exerted by Rheb on CM survival during energy stress. Recent
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reports have shown that obesity and metabolic syndrome, which are characterized by an
increased risk of cardiovascular mortality 12 and increased myocardial susceptibility to
ischemic injury 13-16 are associated with a hyperactivation of tissue mTORC1 17. 18,
Therefore, we also evaluated whether cardiac mTORCL1 is activated in obesity and metabolic
syndrome, whether Rheb is involved in such phenomena, and whether a deregulated
activation of Rheb and mTORC1 may be responsible for the increased susceptibility to
ischemia associated with these conditions.

Experimental Procedures

Statistics

Results

Experimental procedures and animal models are described in the expanded Methods section
in the online-only Data Supplement. Experimental procedures, heterozygous GFP-LC3
transgenic mice, beclin-1 knock-out mice and conditional /m7OR knock-out mice have also
been described elsewhere 9 19. 20 Al experimental procedures with animals were approved
by the Institutional Animal Care and Use Committee of the University of Medicine and
Dentistry of New Jersey.

Data are expressed as (mean + SEM). When specified in the figure legends, presentation of
bar charts was standardized by control mean x 100, so that the presented bars represent the
mean percentage of variation + SEM, with respect to the control mean. The difference in
means between 2 groups was evaluated using the t-test when sample size was appropriate
and the population was normally distributed; otherwise the Mann-Whitney U test was
adopted. When differences among 3 or more groups were evaluated, the One-way ANOVA
or the Kruskal-Wallis test was used. The post hoc comparisons were performed using the
Bonferroni post-hoc test or the Mann-Whitney U test with Bonferroni correction. The shown
statistical significance of differences between groups was always calculated by post-hoc
comparisons when multiple groups were compared. Statistical analyses were performed with
the use of SPSS 15.0 (SPSS Inc, Chicago, Ill) and GraphPad-Prism 5.00 (GraphPad-
Software, San Diego, Ca). P values of <0.05 were considered statistically significant.

Rheb mediates mTORC1 inhibition during starvation in CMs

In order to investigate whether Rheb acts as a sensor of energy deprivation in CMs, neonatal
rat ventricular CMs were subjected to glucose deprivation (GD). GTP binding of Rheb was
decreased significantly in response to GD (Figure 1A), indicating that Rheb is inactivated by
GD. During GD, phosphorylation of p70SK and 4E-BP1 was progressively reduced,
indicating that mTORC1 was inhibited (Figure 1B). Knock-down of Rheb, with adenovirus
harboring ShRNA-Rheb, inhibited phosphorylation of p705¢K at baseline, suggesting that
inactivation of Rheb is sufficient to inactivate mTORC1 (Figure 1A in the online only Data
Supplement). Transduction of CMs with adenovirus harboring wild-type Rheb abolished the
GD-induced decreases in phosphorylation of p705¢K and 4E-BP1 (Figure 1C-E and Figure
IB), suggesting that Rheb inactivation is required for GD-induced suppression of mMTORC1.
In addition, Rheb physically interacts with mTOR both at baseline and during GD (Figure
IC), thus indicating that Rheb directly regulates mTORCL1 in CMs.

Rheb is negatively regulated by the GAP activity of the TSC1/TSC2 complex 7.
Downregulation of TSC2, with adenovirus harboring sShRNA-TSC2 (Figure ID), induced
phosphorylation of p70S6K | suggesting that endogenous TSC2 negatively regulates
mTORC1 in CMs (Figure IE-F). Activation of mTORC1 by downregulation of TSC2 was
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abolished in the presence of Rheb knockdown, suggesting that TSC2 regulates mTORC1
through Rheb (Figure IE-F). On the other hand, as indicated by the phosphorylation status
of Akt, the activity of mTORC?2, another branch of the mTOR pathway, was unaffected by
GD, and overexpression of Rheb failed to activate Akt (Figure IG-H). These results suggest
that GD inhibits mTORC1, but not mTORC2, by inactivating Rheb.

Activation of Rheb sensitizes CMs to cell death during GD, while inhibition is protective

We then investigated the role of Rheb in regulating CM survival during GD. Although Rheb
is cell-protective in other cell types, CMs in which the activity of mTORC1 was normalized
with overexpressed Rheb displayed decreased survival after 10 and 18 hours of GD,
compared to control virus-treated CMs (Figure 2A). CMs overexpressed with Rheb
displayed significantly more apoptosis and necrosis, as assessed by TUNEL assays and
propidium iodide staining, respectively (Figure 2B-C, Figure 11A). TSC2 knockdown also
decreased survival and increased apoptosis of CMs in response to GD (Figure 2D and Figure
I1B). Conversely, downregulation of endogenous Rheb increased the survival of CMs during
GD and rescued the decrease in cell survival in the presence of TSC2 knockdown during GD
(Figure 2E). Furthermore, selective inhibition of mMTORC1, through Raptor downregulation,
with adenovirus harboring shRNA-Raptor, significantly increased CM survival during GD
in Rheb-overexpressing CMs. In contrast, selective mTORC?2 inhibition, through Rictor
depletion, did not increase survival in Rheb-overexpressing CMs during GD (Figure 2F).
Collectively, this data suggests that Rheb negatively regulates CM survival during GD
through mTORCL1 activation. Thus, inactivation of endogenous Rheb during GD is an
adaptive mechanism that promotes survival of CMs.

Rheb regulates CM autophagy

We investigated the molecular mechanism through which inactivation of Rheb protects CMs
during GD. Since Rheb inactivation causes mMTORCL1 inhibition during GD, and because
mTOR is a negative regulator of autophagy 2, we hypothesized that downregulation of
Rheb during GD is required for stimulation of autophagy, which may be protective in this
context 19. As shown previously, GD increased LC3-11 and decreased p62, a protein
degraded by autophagy 21, suggesting that GD activates autophagy in CMs. However, in
Rheb-overexpressing CMs, LC3-11 expression was lower and expression of p62 was greater,
both at baseline and during GD (Figure 3A-C). The number of GFP-LC3 dots, an indicator
of autophagosome accumulation, during GD was significantly smaller in Rheb-
overexpressing CMs than in control CMs (Figure 3D-E). Rheb overexpression induced
significant downregulation of autophagy genes, including beclin-1, ulk-1, atg4 and atg7
(Figure 3F). Conversely, downregulation of endogenous Rheb significantly increased
autophagy at baseline and during GD (Figure 111). These results suggest that endogenous
Rheb negatively regulates autophagy and that inactivation of Rheb is necessary and
sufficient for stimulation of autophagy in CMs during GD.

We then asked if autophagy mediates the cell-protective effect of Rheb inactivation. The
protective effect of Rheb downregulation during GD was completely abrogated when
Beclin-1 was downregulated with adenovirus harboring shRNA-beclin1 (Figure 3G). These
results suggest that autophagy plays an important role in mediating the protective effect of
Rheb inactivation during GD. Conversely, in order to restore autophagy during GD in Rheb-
overexpressing CMs, we expressed Atg7 with adenovirus transduction (Figure IVA). We
took this approach since Atg7 is a crucial protein for autophagosome formation, because
Atg7 is markedly downregulated in Rheb-overexpressing CMs, and because overexpression
of Atg7 is sufficient to re-induce autophagy when autophagy is inhibited 21 22, Atg7
overexpression significantly restored autophagy in Rheb-overexpressing CMs during GD
(Figure 1VB-D). We also used trehalose, which induces autophagy without affecting the
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mTORC1 pathway 23. Trehalose restored Atg7 and Beclin-1 expression in Rheb-
overexpressing CMs without affecting the mTORC1 pathway, thereby restoring autophagy
during GD (Figure IVE-F). Importantly, both Atg7 expression and trehalose pretreatment
significantly increased the survival of Rheb-overexpressing CMs during GD (Figure 3H).
Collectively, these results suggest that Rheb regulates the survival and death of CMs during
GD through regulation of autophagy /n vitro.

Rheb overexpression increases energy stress and ER stress during GD

Important consequences of autophagy include restoration of ATP contents and protein
quality control. Rheb overexpression during GD significantly enhanced ATP depletion,
whereas Rheb disruption significantly increased ATP content (Figure 4A). Overexpression
of Rheb increased GRP78, phosphorylation of PERK and upregulation of C/EBP
Homologous Protein (CHOP), and Caspase-12 (fragment), markers of ER stress, in CMs
during GD (Figure 4B-C). Conversely, upregulation of the ER stress markers during GD
was significantly attenuated in CMs in which Rheb was knocked-down (Fig. 4B-C).
Restoration of autophagy in Rheb-overexpressing CMs, through Atg7 overexpression,
significantly attenuated ATP depletion (Figure 4D) and ER stress during GD, indicating that
autophagy inhibition is responsible for these derangements (Figure 4E-F).

Inhibition of Rheb is protective during prolonged myocardial ischemia

In order to investigate the role of Rheb in regulating CM survival and death in response to
energy deprivation /n vivo, we used a mouse model of prolonged ischemia, in which the left
descending coronary artery was ligated for 3 hours. During ischemia, the GTP-bound form
of Rheb was significantly decreased, while the total expression of Rheb was not altered,
suggesting that Rheb is inactivated by prolonged ischemia /in vivo (Figure 5A-B). The
activity of mTORC1, as evaluated with p70S6K phosphorylation, was also decreased during
ischemia (Figure 5C-D).

In order to evaluate the significance of Rheb inhibition during ischemia /n vivo, we
generated transgenic mice with cardiac-specific overexpression of Rheb (Tg-Rheb), using a
Tet-off system. In these mice, expression of the Rheb transgene in the heart was induced in
the absence of doxycycline. Doxycycline (Dox) was administered to the mice during the
gestational period and for the first 3—4 weeks of life to avoid the effect of transgene
expression during cardiac development in Tg-Rheb (Figure 5E and Figure VA-B). Dox was
terminated 6-8 weeks before the experiment in order to allow full transgene expression and
eliminate possible actions of Dox upon cell death/survival. In this protocol, expression of
Rheb was 2.3-fold greater in Tg-Rheb than in control littermates (Rheb+/tTA-mice). Rheb
exhibited diffuse cytoplasmic distribution in CMs of both control mice and Tg-Rheb (Figure
VC-D). Tg-Rheb presented a normal cardiac phenotype at 3 months of age (Table 1 in the
online-only Data Supplement). In Tg-Rheb mice, mTORC1 activity was significantly
increased, both at baseline and during prolonged ischemia, compared to control mice (Figure
5C-D), suggesting that Rheb inactivation is required for mTORC1 inhibition during
prolonged ischemia. After 3 hours of ischemia, Tg-Rheb mice exhibited a significantly
greater M1 size than control mice (Figure 5F—H). The extent of CM apoptosis and necrosis
after prolonged ischemia was also greater in Tg-Rheb than in controls, as evaluated with
TUNEL and Hairpin-2 staining, respectively (Figure V). Tg-Rheb presented increased
ischemic injury even after a brief period of ischemia (30 minutes), as evaluated with
Hairpin-2 staining. Tg-Rheb also exhibited significantly enhanced myocardial damage even
after a longer coronary occlusion (6 hours; Figure VII).

There was less induction of autophagy in Tg-Rheb than in control mice at baseline and
during ischemia, as indicated by reduced LC3-11 and increased p62 accumulation (Figure
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VII1A-C). Expression of p62 did not differ at the mRNA level between controls and Tg-
Rheb, indicating that increased p62 accumulation was due to reduced degradation (MRNA
expression in Tg-Rheb 0.96-fold vs. controls, P=NS). The level of myocardial ATP in the
ischemic area after ischemia was significantly lower in Tg-Rheb than in controls (Figure
VIIID). The level of CHOP, an indicator of ER stress, after ischemia was also significantly
greater in Tg-Rheb than in control mice (Figure VIIIE-F). These results indicate that
inhibition of endogenous Rheb is protective during prolonged ischemia 7n vivo.

In order to evaluate whether the deleterious effect of Rheb overexpression during prolonged
ischemia is due to the lack of mMTORC1 inactivation and activation of autophagy, rapamycin,
a selective inhibitor of mMTORC1 and stimulator of autophagy, was administered to Tg-Rheb
and control mice just before the prolonged ischemia. Rapamycin inhibited mTORC1 activity
and stimulated autophagy in Tg-Rheb mice after prolonged ischemia (Figure 6A).
Rapamycin significantly reduced the size of Ml in response to prolonged ischemia in Tg-
Rheb mice compared to vehicle administration (Figure 6B—D). Rapamycin treatment also
significantly reduced CHOP accumulation and caspase-3 cleavage in Tg-Rheb hearts after
prolonged ischemia (Figure 6E-F). These results suggest that Rheb promotes myocardial
injury during prolonged ischemia by stimulating mTORCY1, inhibiting autophagy and
stimulating ER stress.

High fat diet (HFD)-induced obesity is associated with deregulation of Rheb and increased
myocardial susceptibility to prolonged ischemia

Obesity and metabolic syndrome are associated with high cardiovascular mortality and
reduced cardiac function after M1 12-16, Complications of obesity are associated with
deregulated mTORC1 activation and inhibition of autophagy in other organs 17- 18 22 we
therefore investigated whether obesity is associated with deregulated Rheb activation, which
in turn mediates an increased susceptibility to myocardial ischemia.

In order to induce obesity, C57BL/6J mice were fed with high fat diet (HFD mice) for 18-20
weeks. HFD mice developed obesity and exhibited a significant increase in serum levels of
glucose, cholesterol, triglycerides and non-esterified fatty acid compared to mice fed with
control diet (CD mice), suggesting that HFD mice develop metabolic syndrome (Table Il in
the online-only Data Supplement). Insulin levels and the HOMA index were significantly
elevated in HFD mice, consistent with the notion that these mice develop insulin resistance.
HFD mice presented increases in mTOR-dependent IRS-1 phosphorylation (serine 636),
which is a marker of decreased insulin sensitivity 18 at baseline (Figure IXA). HFD mice
showed a significant increase in LV mass and LV wall thickness but preserved LV systolic
function (Table 111). Both cell size and expression of atrial natriuretic factor (ANF), a fetal-
type gene, were increased, suggesting that HFD mice develop cardiac hypertrophy (Figure
IXB-D). After prolonged (3 hours) ischemia, HFD mice exhibited a significantly greater Mli
size than CD mice (Figure 7A—C), which was accompanied by greater numbers of TUNEL-
positive and Hairpin-2-positive cells (Figure X), signifying that HFD increases myocardial
susceptibility to ischemic injury. HFD mice also presented a greater percentage of hairpin-2
positive cells with respect to control mice after 30 minutes of ischemia (11.5 + 1.3% vs. 4.2
+ 1.0%, p<0.05).

In HFD mice, the activity of mTORC1 was greater at baseline and remained elevated during
prolonged ischemia (Figure 7D and Figure XIA). Thus, the suppression of mMTORCL1 in
response to prolonged ischemia observed in CD mice was attenuated in HFD mice.
Although the GTP-bound form of Rheb was significantly reduced during prolonged
ischemia in CD mice, it was increased at baseline and not significantly diminished during
prolonged ischemia in HFD mice (Figure 7E), suggesting that the activity of Rheb and
MTORC1 is elevated at baseline and remains greater in HFD mice than in CD mice during
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prolonged ischemia. Intriguingly, the activity of AMPK, a negative regulator of the Rheb/
mTORC1 pathway, was reduced in HFD mice both at baseline and during ischemia, as
indicated by a reduction in its phosphorylation status. Conversely, it was activated in CD
mice during ischemia (Figure 7D and Figure XIA).

Consistent with activation of the mTORC1 pathway, autophagy in the heart was
significantly suppressed in HFD mice both at baseline and during ischemia, as indicated by
decreased LC3-I1 and increased p62 accumulation (Figure 7F, Figure XIB-C). p62 mRNA
expression was unchanged (0.84-fold vs. CD mice, P=NS). Accumulation of
autophagosomes, as evaluated using GFP-LC3 dots, was significantly less in HFD mice than
in CD mice (Figure 7G-H). The number of GFP-LC3 dots was significantly reduced in HFD
mice during ischemia, also after administration of chloroguine which inhibits lysosomal
enzyme activity. This data indicates reduced autophagosome formation in HFD mice (Figure
XID-E).

In order to investigate if deregulated activation of the mTORC1 pathway is responsible for
the reduced tolerance to prolonged ischemia of HFD mice, we administered rapamycin to
these animals and evaluated its effect on ischemic injury. As we observed with Tg-Rheb,
rapamycin treatment increased autophagy (Figure XIF) and significantly reduced the Ml size
of both HFD mice and CD mice (Figure 8A-C). Rapamycin administration failed to reduce
ischemic injury in heterozygous beclin-1 knock-out mice (beclin-1+/-), in which autophagy
cannot be activated, when fed with HFD (Figure 8D-E). These results indicate that
autophagy re-activation mediates the beneficial effect of mMTORCL1 inhibition in HFD mice.

In order to further demonstrate that deregulated mTORC1 activation increases the ischemic
susceptibility of HFD mice, we subjected mice, with inducible cardiac-specific heterozygous
mTOR knockout, that were fed with HFD, to prolonged ischemia. This strategy allowed us
to partially inhibit the mTOR pathway and to normalize the increased activation of
MTORC1 observed in HFD mice. Tamoxifen was administered to a-MHC-MerCreMer-
mTOR floxi+ mice (mTOR+/-) for 7 days. Cardiac mTOR protein levels were reduced in
mTOR+/- mice 3 weeks after tamoxifen administration (Figure XI1A). Cardiac mTOR
deletion reduced mTORC1 activity and increased autophagy in m7OR+/— mice fed with
control diet or HFD (Figure X11B-D). Remarkably, cardiac m7TOR deletion reduced Ml size
in mice fed with control diet and HFD with respect to controls (Figure 8F—H). In summary,
cardiac activation of the Rheb-mTORCL1 pathway in HFD-induced obesity is detrimental
during prolonged ischemia due to inhibition of autophagy.

Discussion

We have demonstrated that Rheb is inhibited in response to GD and prolonged ischemia,
and inhibition of Rheb in turn inhibits mMTORC1 in CMs. Forced activation of Rheb in such
conditions stimulates ATP depletion and ER stress by suppression of autophagy, thereby
inducing cell death. Thus, Rheb acts as a sensor of energy stress and as a critical regulator of
CM survival in response to energy starvation.

We have shown previously that both GD and ischemia in CMs and in the heart, respectively,
induce suppression of mTOR 1920, |t should be noted that mTOR is inhibited by both Rheb-
dependent and independent mechanisms 19 20, For example, several upstream kinases,
including AMPK and GSK-3p, which indirectly regulate mTOR, inhibit Rheb through
phosphorylation and consequent activation of GAP activity in TSC2 238, |t should be
noted, however, that mTOR is also inhibited through Rheb-independent mechanisms, such
as Akt-dependent phosphorylation of MTOR and PRAS40, and AMPK-dependent Raptor
phosphorylation 8. Our results indicate that Rheb interacts with mTOR, that Rheb is
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inhibited during GD and myocardial ischemia, and that its inactivation is required for
mTORCL1 inhibition. Conversely, neither overexpression of Rheb nor GD affected the
activity of mTORC2. We therefore propose that Rheb acts as a central and direct regulator
of mTORCL during energy starvation in CMs.

Our results suggest that forced Rheb activation exacerbates cell death and apoptosis during
GD and prolonged ischemia, but it does not affect cell survival at baseline. On the other
hand, downregulation of Rheb increased survival of CMs during GD, intimating the
involvement of endogenous Rheb in the regulation of survival/death during GD and
prolonged ischemia. Previous studies have indicated that Rheb promotes cell survival and
inhibits apoptotic cell death in response to stress in several cancer cells ° 6. Activation of
Rheb in unstressed conditions also induces hypertrophy without cell death in CMs (not
shown). Thus, the function of Rheb in cells appears to be context-dependent.

Importantly, we found that downregulation of mMTORC1 mediates the protective effects of
Rheb inhibition during energy deprivation, since depletion of Raptor but not of Rictor,
which are the adaptor proteins of complex 1 and complex 2 of mTOR, respectively,
increased survival of Rheb-overexpressing CMs during GD /n vitro. In addition,
pharmacological and genetic inhibition of mMTORC1 reduced the susceptibility to ischemic
myocardial damage of Rheb-overexpressing and obese mice, and a protective effect was also
observed in control animals /n vivo. These results suggest that Rheb is an obvious
therapeutic surrogate of mMTORC1, to achieve increased CM survival during energy
deprivation.

The role of mTOR in regulating the stress response is poorly understood in terminally
differentiated cell types such as CMs. In particular, the role of mTOR in the regulation of
CM survival has been primarily investigated through indirect means, e.g., the use of
pharmacological inhibitors, which may have mTOR-independent effects 1% 20, In addition,
the role of mTOR in cardiac stress has been mostly studied in animal models of chronic
ventricular remodeling in which mTORCL1 is activated, while we observed mTORC1
inhibition during CM energy deprivation 11, Interestingly, mTORC1 activation has been
indicated as protective during cardiac mechanical overload % 11. On the other hand, in our
study, we demonstrated that selective and direct mMTORC1 activation is detrimental during
acute cardiac energy deprivation, whereas both pharmacological and genetic mTORC1
inhibition are protective. In particular, we provided the first evidence that genetic mMTOR
inhibition is protective during myocardial ischemia. Thus, the function of mMTORCL in CMs
appears to be context-dependent. mMTORCL activation might be required for cell growth in
response to mechanical overload, whereas mTORCL inhibition is important for preservation
of energy status in response to energy deprivation.

Rheb inhibition during energy deprivation is required for autophagy activation, which is
protective in this condition. In fact, suppression of autophagy by knockdown of Beclin-1
completely abrogated the protective effect of Rheb knockdown in CMs during GD.
Restoration of autophagy through treatment with trehalose or overexpression of Atg7, which
stimulates autophagy through mTOR-independent mechanisms, significantly reduced CM
death induced by forced Rheb activation. Therefore, although it is still debated whether
autophagy is protective or detrimental during cardiac stress 24, we have demonstrated that
Rheb-regulated autophagy is protective during CM nutrient starvation and ischemia. In
particular, we showed that Rheb-regulated autophagy is protective through the preservation
of ATP content and reduction of misfolded protein accumulation, namely ER stress.

Rheb-induced inhibition of autophagy was accompanied by downregulation of Atg7 protein
levels. Overexpression of Atg7 was sufficient to restore autophagy and to suppress Rheb-
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induced cell death during GD, suggesting that Rheb regulates autophagy in part through
Atg7. mTORC1 was suggested to modulate autophagy through Ulk1/2 regulation 2%, The
role of Ulk1/2 in mediating expression of Atg7 remains to be elucidated.

Interestingly, inadvertent activation of the Rheb/mTORC1 pathway is observed in HFD-
induced obesity. Obesity is characterized by glucose intolerance and dyslipidemia, and it is
associated with an increased susceptibility to myocardial ischemia 13-16, We demonstrated
that autophagy is reduced in the hearts of mice with HFD-induced obesity. These mice
exhibited exacerbated myocardial injury in response to prolonged ischemia, which was
normalized by rapamycin treatment or genetic mTOR inhibition, suggesting that increased
mTORC1 activity may be responsible for the increased susceptibility. Remarkably,
inhibition of Beclin-1 was associated with the failure of pharmacological mMTORC1
inhibition to reduce ischemic injury in HFD mice, indicating that re-activation of autophagy
is the crucial mechanism mediating the beneficial effects of mMTORCL1 inhibition in HFD-
induced obesity.

Severe obesity and metabolic syndrome are associated with increased cardiovascular risk
events and a poor prognosis in patients after acute M1 12:14.15.25.26 £ qyr results hold true
in humans, it may be helpful to treat patients with obesity and metabolic syndrome using
pharmacological inhibitors of Rheb or mTORCL, to stimulate autophagy during an acute
episode of myocardial ischemia. Our results are also supported by an interesting previous
study which showed that obesity increases vascular senescence and vascular dysfunction in
response to mTOR activation?”.

Other previous studies showed increased basal mTORC1 activity in the liver 17: 28 adipose
tissue 29, vasculature 27, skeletal muscle 17- 28. 30, 31 and cardiac muscle 32-3% in both genetic
and diet-induced models of obesity and dysmetabolic conditions. AMPK inhibition has been
proposed as the main intracellular mechanism leading to mTORC1 activation 18 30-34_ Qur
study extends this previous evidence, suggesting that Rheb is involved in the activation of
mTORC1 induced by AMPK downregulation.

Several stimuli may enhance the activity of the Rheb/mTORC1 pathway in the tissues of
obese and dysmetabolic animals. High caloric intake may represent one possible cause. High
levels of circulating and cardiac lipids may also represent potential mechanisms. In addition,
increases in circulating insulin, amino acids, cytokines and adipokines may contribute to the
increased Rheb/mTORC1 activity in HFD mice 17 18.28,31,32,35

In summary, our study demonstrates that inactivation of Rheb protects CMs during energy
deprivation through activation of autophagy, reduction of energy expenditure and
attenuation of ER stress (Figure XIIE). Rheb and mTORC1 may represent therapeutic
targets to reduce myocardial damage during acute myocardial ischemia, particularly in
patients with obesity and metabolic syndrome.

Clinical perspective

The incidence of heart failure after acute myocardial infarction (MI) remains very high in
patients. This highlights the necessity to clarify the mechanism regulating the survival
and death of cardiomyocytes in response to ischemia and to find new cardioprotective
therapies reducing ischemic injury. We discovered that Rheb, a small GTP-binding
protein, plays a pivotal role in regulating the survival of cardiomyocytes during
prolonged myocardial ischemia. Rheb activity is reduced in the ischemic heart, thereby
causing the suppression of the mTORC1 pathway. Inhibition of the Rheb/mTORC1
pathway is an adaptive response during ischemia, because forced restoration of cardiac
Rheb activity is detrimental under this condition. Rheb inhibition is required for the
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activation of autophagy, an intracellular degradation process for proteins and organelles,
which is protective during energy stress through preservation of cellular energy and relief
of ER stress. We discovered that obesity and metabolic syndrome (Ob/MS) are
associated with cardiac activation of Rheb/mTORC1 at baseline and during ischemia. In
obese mice, autophagy in the heart was suppressed and ischemic injury was exacerbated.
Remarkably, inhibition of mMTORC1 restores autophagy and reduces infarct size in these
animals after prolonged ischemia. Thus, our results suggest that Rheb and mTORC1 may
be promising therapeutic targets to reduce myocardial damage after prolonged ischemia
in patients with Ob/MS who display deregulated activation of the Rheb/TORC1 pathway
and consequent inhibition of autophagy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1l. mTORC1 isdownregulated during GD through Rheb inactivation

A, Rheb activity was assessed by the ratio of Rheb-bound GTP to Rheb-bound GTP+GDP
levels at baseline and during GD; N=5. B, CMs were subjected to GD for different periods
of time. Phosphorylation statuses of p70S6K (Thr 389) and 4E-BP1 (Thr 37/46) were
evaluated. C—E, CMs were transduced with adenovirus (Ad) harboring wild-type Rheb or
LacZ. After 48 hours, phosphorylation statuses of p7056K and 4E-BP1 were evaluated at
baseline and after GD. Immunoblots and densitometric analyses are presented. N=5.
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Figure 2. Rheb activation during GD increases CM death and apoptosis

A, Cell viability was evaluated in CMs transduced with Ad-Rheb or Ad-LacZ at baseline
and during GD. N=4. B-C, Percentage of TUNEL positive cells was also evaluated after
GD. N=4, bar=50 pm. D, CMs were transduced with Ad harboring short hairpin-RNA (sh)-
TSC2 or with sh-scramble. After 96 hours, cell viability was evaluated at baseline and after
GD. N=5. E, Cell viability was evaluated in CMs transduced with sh-scramble (sh-CT), sh-
Rheb, sh-TSC2, or sh-Rheb plus sh-TSC2 at baseline and after GD. N=5. F, Cell viability
was evaluated in CMs transduced with Ad-LacZ, Ad-Rheb, or Ad-Rheb plus sh-Raptor or
sh-Rictor, at baseline and after GD. N=3. Cell viability was assessed by Cell Titer Blue
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assay. Data is presented as a percentage of the relevant control (regular medium), with the
control being set at 100%. * p<0.05 with respect to relevant control (regular medium).
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Figure 3. Rheb isa negativeregulator of autophagy

A—C, CMs were transduced with Ad-LacZ or Ad-Rheb for 48 hours. LC3 isoforms and p62
accumulation were evaluated at baseline or after 4 hours of GD. A representative
immunoblot is shown (A), together with densitometric analyses of LC3-11 (B) and p62 (C).
N=5. D—E, CMs were transduced with Ad-GFP-LC3 together with Ad-LacZ or Ad-Rheb.
GFP-LC3 puncta were evaluated after 4 hours of GD (bar=10 pm). N=3. F, Expression of
autophagic genes was evaluated in CMs transduced with Ad-LacZ or Ad-Rheb. G, Cell
viability was evaluated in CMs transduced with sh-scramble, sh-Rheb, or with sh-Rheb plus
sh-Beclin-1. N=4. Data is presented as a percentage of the relevant control (CT, baseline),
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with CT being set at 100%. H, Cell viability was evaluated in CMs transduced with Ad-
LacZ, Ad-Rheb, and with Ad-Rheb together with Ad-Atg7 or trehalose. Sucrose treatment
(100 mM) was used as control treatment for trehalose. N=3.Atg7= Ad-Atg7; Tre= trehalose.
* p<0.05 with respect to cells cultured with a normal medium.
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Figure 4. Rheb activation increases ATP depletion and ER stressduring GD

A, CM ATP content at baseline and after 18 hours of GD was evaluated in CMs with Rheb
overexpression or depletion. Data is presented as the fluorescence of each sample as a
percentage of the control. * p<0.05 vs. control (regular medium). N=4. B—C, Unfolded
protein response markers were evaluated at baseline and after GD. * p<0.05 vs. LacZ after
GD. N=5. D—F, ATP content (D, N=5) and GRP78 accumulation (E-F, N=3) were
evaluated in Rheb-overexpressing CMs with or without Ad-Atg7, after GD.
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Figure5. Rheb activation is detrimental during prolonged myocardial ischemiain vivo

A, Rheb-bound GTP levels were evaluated at baseline and after 30 minutes of ischemia.
N=7. B, The amount of Rheb expression was evaluated at baseline and during ischemia. C—
D, Cardiac p7055K phosphorylation was evaluated in Tg-Rheb mice and controls, both at
baseline and after 30 minutes of ischemia. N=4 for each group. E, Cardiac Rheb expression
was evaluated in Tg-Rheb mice and control mice (FVB background). F—H, Tg-Rheb and
control mice (Rheb+/tTA- and Rheb—/tTA+) were subjected to 3 hours of ischemia. LV
myocardial sections after Alcian blue and triphenyltetrazolium chloride staining is shown (F;
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bar=1 mm), as well as the area at risk (AAR, G) and myocardial infarct (MI) size/AAR (H)
quantification.
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Figure 6. Rapamycin-induced autophagy limits myocardial damage in Rheb-over expressing mice
A, Rapamycin (1 mg/kg) was administered intraperitoneally to Tg-Rheb and control mice
(Rheb+/tTA-) 60 minutes before coronary ligation. p7056KX phosphorylation and LC3
expression levels were evaluated after 30 minutes of ischemia, whereas p62 expression
levels were evaluated after 3 hours of ischemia. B-D, The MI /AAR ratio in Tg-Rheb and
controls treated, or not treated, with rapamycin was evaluated. Bar=1 mm. E-F, CHOP
expression and caspase-3 cleavage were also evaluated after 3 hours of ischemia. N=3 for
each group.
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Figure 7. HFD-induced obesity is associated with greater myocardial injury and deregulated
Rheb/mTORCL1 activation

A—C, MI/AAR was evaluated in CD and HFD mice after ischemia. Bar=1 mm. D,
Phosphorylation statuses of p7056K and AMPK (Thr 172) were evaluated both at baseline
and after 30 minutes of ischemia (densitometric analysis is shown in Figure XIA). E,
Myocardial Rheb-bound GTP content was evaluated in CD and HFD mice, both at baseline
and after 30 minutes of ischemia. N=5 for each group. F, Myocardial autophagy in HFD
mice was significantly inhibited compared with control mice, both at baseline and after 30
minutes (LC3-I1 levels) or 3 hours of ischemia (p62 levels). Representative immunoblots are
presented, and densitometric analysis is reported in Supplemental Figure XIB-C. G-H, Tg-
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GFP-LC3 mice fed with control or high fat diet were subjected to ischemia. Representative
heart sections are shown. Bar=50 um. Arrows indicate autophagosomes (G). The number of
autophagosomes per microscopic field in the two groups after 30 minutes of ischemia is
reported (H). N=4 each group.
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Figure 8. mTORCL1 inhibition is protective in HFD mice through autophagy activation

A—C, Rapamycin (1 mg/kg) was administered intraperitoneally to HFD and CD mice 60
minutes before coronary ligation. Mice were subjected to 3 hours of ischemia. The MI/AAR
ratio was evaluated. Bar=1 mm. * p<0.05 vs. CD. D-E, Either control or beclin-1+/- mice
fed with HFD were subjected to 3 hours of ischemia. The MI/AAR ratio was evaluated.
R=rapamycin. F—H, After feeding with HFD or CD, tamoxifen (30 mg/kg) was administered
to a-MHC-MerCreMer-mTOR floxi+ mice (mTOR+/-) and a-MHC-MerCreMer-mTOR +/
+ mice (controls) for 7 days. The mice were subjected to 3 hours of ischemia. The MI/AAR

ratio was evaluated.
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