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Rapamycin protects aging muscle

Huibin Tang, Joseph B. Shrager, Daniel Goldman

As life expectancy increases, age-related health issues
will continue to rise. One of the central health issues
among the elderly is age-related progressive muscle loss
and functional decline, i.e., sarcopenia. Sarcopenia
causes frailty and falls, and thereby it may bring about a
series of complications that increases morbidity and
mortality. Successful interventions against sarcopenia
may help improve physical strength and quality of life
for the elderly population.

A decade ago, rapamycin, an mTORCI1 inhibitor, was
reported to extend the lifespan of mice [1]. Consistent
with this, rapamycin and other mTORCI1 inhibitors also
protect several organs/tissues against age-related
functional decline [2]. Rapamycin’s effect on aging
skeletal muscle, however, was not explored until
recently. It has long been known that mTORCI1 activity
is induced in aging muscle. Two recent reports with
genetic and pharmacological evidence reveal two
important findings: /) Chronic activation of mTORCI
stimulates progressive muscle damage and loss.
Interestingly, when TSC1 knockout mice were used to
activate mTORCI1, enlarged muscle fibers were noted
starting at approximately 2 months of age. However,
this seemingly beneficial effect ultimately morphed into
muscle fiber damage with mixed hypertrophic and
atrophic fibers seen at ~ 6 - 9 months of age, and it
ultimately resulted in ~ 50% loss of muscle mass at 18
months of age. This significant muscle loss is
accompanied by a reduced survival rate of TSCI
knockout mice, which exhibit a median lifespan of 18
months [3]. 2) Inhibition of mTORCI with rapamycin
prevents age-related muscle loss. Consistent with the
observation that the hyperactive mTORCI1 induces
muscle damage and loss, inhibition of mMTORCI activity
with rapamycin or rapalogs protects aging muscle from
atrophy in mice and rats. For example, treatment with
rapamycin at 14ppm, from 9 months to 30 months of
age, reduced apoptosis and promoted retention of
peripherally located nuclei, and this was associated with
reduced fiber loss in aging skeletal muscle [3]. In a
separate study, a shorter duration of rapalog (RADO0O01)
treatment at the dose of 0.15mg/kg for 6-weeks, starting
from 22 month of age, preserved both fiber size and
muscle weight [4]. These data suggest that mMTORCI is
necessary and sufficient to drive skeletal muscle aging.

Do these findings conflict with the current under-
standing of the anabolic function of mMTORC1?

Editorial

We do not think so. We believe the ultimate effect of
mTORCI1 depends upon: 1) how mTORCI is activated,
and 2) for how long mTORC]1 remains activated. Akt-
dependent, short-term activation of mTORCI1 appears
usually to be beneficial to cells, whereas Akt-
independent, chronic activation of mMTORCI1 appears to
be detrimental to cells. It is well known that mTORC1
is an important anabolic regulator that is essential for
cell growth, regeneration, and maintenance of muscle
mass [5, 6]. Akt-dependent activation of mTORCI1
(e.g., through increasing IGF or Akt activity), prevents
muscle atrophy [7]. In contrast to this prevailing
knowledge, Akt-independent, chronic activation of
mTORC1 (e.g., muscle-specific knockout of TSC1)
appears to trigger protein degradation and muscle
atrophy, through a cascade of downstream events that
includes: 1) feedback inhibition of Akt and the
consequent activation of FoxO1; 2) induction of GDFs;
3) inhibition of autophagy; and 4) increased
mitochondrial oxidative stress [3, 8]. The most striking
ultrastructural change is the presence of morpho-
logically and functionally abnormal mitochondria in
muscle fibers with chronic activation of mTORCI.
These gigantic, but dysfunctional mitochondria
probably resulted from mTORCI1-driven mitochondrial
proliferation and mTORCI1-mediated inhibition of
mitophagy. Over time, the accumulation of these
abnormal mitochondria may lead to the induction of
mitochondrial oxidative stress, which, we believe, is the
pivotal mediator of mTORCI1-induced catabolism that
leads to protein degradation and apoptotic/necrotic cell
death. Thus, Akt-independent activation of mTORCI
induces catabolism in addition to its conventional
anabolic activity. The progressive myopathy seen in the
mTORCI1-hyperactive muscle is the net outcome of a
complex process that perturbs the balance between
anabolism and catabolism, with catabolism winning out
and leading to muscle fiber damage and loss. This
hypothesis explains the coexistence of hypertrophic
(anabolism > catabolism) and atrophic (catabolism >
anabolism) fibers, as well as the progressive nature of
mTORCI-induced muscle damage. It also implies that
an early preventive treatment (perhaps starting in
middle age when mTORCT activity increases, at least in
mice) with mTORCI1 inhibitors may help prevent
sarcopenia (Figure 1). This hypothesis is also in some
ways consistent with the “mitochondrial theory of
aging” (Harman D. 1972), but our mTORC]1-centric
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view advances that theory by identifying mTORCI as a
specific inducer of mitochondrial oxidative stress in
aging skeletal muscle.
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mTORC1

Increasing mTORC1 Ages Muscle:

+ Mitochondrial oxidative stress
+ Protein degradation, apoptosis, necrosis
* Muscle fibers atrophy, damage, and loss

Rapamycin Saves Aging Muscle:

+ What: an mTORC1-selective rapalog?
* When: starting from middle age?

* How: intermittently, short duration?

Figure 1. A hypothetical view of the etiology and therapy
of sarcopenia. mTORC1 activity increases during aging,
starting from middle age, resulting in progressively
altered mitochondria, leading to mitochondrial oxidative
stress and thus catabolism including protein degradation,
apoptosis, and necrosis. This elevated catabolic activity
results in muscle fiber loss, atrophy, and damage.
Therefore, inhibition of mTORC1 activity with rapamycin
may rescue skeletal muscle during aging. mTORC1-
selective inhibitors and optimized treatment protocols
may maximize the beneficial effect of rapalog treatment.

Additional work building on these studies needs to be
done which would include: 1) Developing selective
mTORCI inhibitors. Selective mTORCI1 inhibitors
may minimize side effects that may result from
rapamycin-induced suppression of mTORC2, a known
activator of Akt. 2) Developing optimal protocols for
rapamycin treatment. Optimized dose, dosing frequen-
cy, and dosing intervals may help achieve maximum
beneficial effect. As shown in recent reports, long-term

(~21 month) rapamycin treatment at 14ppm failed to
prevent age-related decline of muscle fiber size,
whereas a short-term (6 week) rapamycin treatment at
0.15mg/kg succeeded. 3) Investigating rapamycin-
dependent changes in muscle contractile function, and
the regenerative capacity of satellite cells. 4) Iden-
tification and characterization of the function of
upstream regulators and the downstream effectors of
mTORCI1. In addition, although we have already
identified the transcriptional targets, GDFs (esp.
GDF15), and the posttranslational target, FoxOl,
downstream of mTORC1’s activation, their functional
roles in aging skeletal muscle remains to be elucidated.
5) Developing a better understanding of the relationship
between mTORCl/rapamcyin and other age-related
signaling pathways (e.g., sirtuins/NAD+) in skeletal
muscle.

This mTORCl-centric view of skeletal muscle aging
helps to unify many of the previously known actors in
aging -- aberrant mitochondria, free radicals/oxidative
stress, autophagy, protein degradation, FoxO, and
calorie restriction. Thus, mTORCI1 potentially re-
presents a key, central driver of aging. Since the
components in the mTORC1 signaling cascade are ubi-
quitously expressed, the same mechanistic framework —
i.e., the mTORCI1-mitochondria oxidative stress-
catabolism axis --may underlie the aging process more
generally. Rapamycin, as a well-known mTORCI1 inhi-
bitor, appears to positively impact aging skeletal muscle
in mice and rats. We may be approaching a time to
move to clinical studies of rapamycin’s effect on aging
human skeletal muscle.

REFERENCES

1. Harrison DE, et al. Nature. 2009; 460:392-95.
https://doi.org/10.1038/nature08221
PMID:19587680

2. Walters HE, Cox LS. Int J Mol Sci. 2018; 19:E2325.
https://doi.org/10.3390/ijms19082325
PMID:30096787

3. Tang H, et al. Aging Cell. 2019; 18:e12943.
https://doi.org/10.1111/acel.12943 PMID:30924297

4. Joseph GA, et al. bioRxiv. 2019.
https://doi.org/10.1101/591891

5. Saxton RA, Sabatini DM. Cell. 2017; 169:361-71.
https://doi.org/10.1016/j.cell.2017.03.035
PMID:28388417

6. Kim J, Guan KL. Nat Cell Biol. 2019; 21:63-71.
https://doi.org/10.1038/s41556-018-0205-1
PMID:30602761

www.aging-us.com

5869

AGING


https://doi.org/10.1038/nature08221
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19587680&dopt=Abstract
https://doi.org/10.3390/ijms19082325
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30096787&dopt=Abstract
https://doi.org/10.1111/acel.12943
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30924297&dopt=Abstract
https://doi.org/10.1101/591891
https://doi.org/10.1016/j.cell.2017.03.035
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28388417&dopt=Abstract
https://doi.org/10.1038/s41556-018-0205-1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30602761&dopt=Abstract

7. Bodine SC, et al. Nat Cell Biol. 2001; 3:1014-19.
https://doi.org/10.1038/ncb1101-1014
PMID:11715023

8. Castets P, et al. Cell Metab. 2013; 17:731-44.
https://doi.org/10.1016/j.cmet.2013.03.015
PMID:23602450

Daniel Goldman: Molecular and Behavioral Neuroscience
Institute, Department of Biological Chemistry, University of
Michigan, Ann Arbor, MI 48109, USA

Correspondence: Daniel Goldman

Email: neuroman@umich.edu

Keywords: rapamycin, mTORC1, aging, skeletal muscle,
oxidative stress

Copyright: Tang et al. This is an open-access article
distributed under the terms of the Creative Commons
Attribution License (CC BY 3.0), which permits unrestricted
use, distribution, and reproduction in any medium,
provided the original author and source are credited

Received: July 12, 2019
Published: August 27, 2019

www.aging-us.com

5870

AGING


https://doi.org/10.1038/ncb1101-1014
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11715023&dopt=Abstract
https://doi.org/10.1016/j.cmet.2013.03.015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23602450&dopt=Abstract
mailto:neuroman@umich.edu

