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Meeting Report
Latest advances in aging research and drug discovery
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ABSTRACT

An increasing aging population poses a significant challenge to societies worldwide. A better understanding of the
molecular, cellular, organ, tissue, physiological, psychological, and even sociological changes that occur with aging
is needed in order to treat age-associated diseases. The field of aging research is rapidly expanding with multiple
advances transpiring in many previously disconnected areas. Several major pharmaceutical, biotechnology, and
consumer companies made aging research a priority and are building internal expertise, integrating aging research
into traditional business models and exploring new go-to-market strategies. Many of these efforts are
spearheaded by the latest advances in artificial intelligence, namely deep learning, including generative and
reinforcement learning. To facilitate these trends, the Center for Healthy Aging at the University of Copenhagen
and Insilico Medicine are building a community of Key Opinion Leaders (KOLs) in these areas and launched the
annual conference series titled “Aging Research and Drug Discovery (ARDD)” held in the capital of the
pharmaceutical industry, Basel, Switzerland (www.agingpharma.org). This ARDD collection contains summaries
from the 6% annual meeting that explored aging mechanisms and new interventions in age-associated diseases.
The 7" annual ARDD exhibition will transpire 2"-4'" of September, 2020, in Basel.

INTRODUCTION research topics. The meeting followed on the heels of the
5t ARDD [1].

Aging poses profound health-related challenges that need

to be tackled to reduce the social and economic burden
on our aging society. Multidisciplinary perspectives will
be of tremendous importance to understand the
underlying molecular processes of aging and to
accelerate the discovery and development of effective
aging interventions. It is therefore indispensable that
industry and academia develop deeper cooperation and
greater interchange of knowledge and technology. For
this purpose, world leading experts from diverse research
fields and various sectors came together at the 6th
installment of the Aging, Drug Discovery and Artificial
Intelligence conference, which was held from the 10% to
the 12" September 2019 in Basel as part of the Basel Life
Science Week. The event was co-organized by the teams
lead by Morten Scheibye-Knudsen, Center for Healthy
Aging, University of Copenhagen, Denmark, and Alex
Zhavoronkov, Insilico Medicine, Hong-Kong. In the
following, we provide an overview of the discussed

Challenges in aging research

Although great progress has been made towards the
understanding of aging mechanisms, effective drug
interventions are still missing for most age-related
disorders. Targeting the aging process contrasts the
traditional approach of “one disease-one drug”; thus,
multiple challenges need to be overcome, as discussed by
Nir Barzilai from the Albert Einstein College of
Medicine, NY, USA. In particular, the political attention
needs to be further strengthened by highlighting the
clinical and economic benefits of aging interventions [2].
However, no party will cover intervention costs without
an indication for which simple and reliable biomarkers
are still lacking. Towards a resolution of this issue, the
“Targeting Aging with Metformin” (TAME) study driven
by Nir Barzilai may represent a proof-of-concept that
could pave the way to clinical trials leading to healthy
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aging [3]. Indeed, metformin has been reported to extend
lifespan in animal studies [4, 5] and linked to longevity in
a retrospective clinical study on type 2 diabetes
treatments [6]. A recently published human clinical trial
further underlined its widespread effect based on
transcriptomic data revealing gene expression changes of
aging-linked metabolic and non-metabolic pathways [7].

Besides Metformin there are multiple other well-studied
drugs that show high potential as aging drugs, as outlined
by Brian Kennedy from the National University of
Singapore, Singapore. He summarized known lifestyle
interventions and small molecules that have been shown
to cause lifespan extension. However, whether these aging
interventions improve the organismal healthspan often
remains a mystery. His research group recently revealed
that the tricarboxylic acid cycle intermediate o-
ketoglutarate increases the lifespan of mice [8]. Strikingly,
the effect of a-ketoglutarate was even more profound on
the healthspan than on the lifespan in mice that received
the diet from the age of 18 months. Improved healthspan
was indicated by a decreased level of inflammatory
factors as well as a decreased frailty index.

But how can we fill the gap between lab animal
research, which has traditionally stopped at murine
studies, and human clinical trials? Matt Kaeberlein
from the University of Washington, Seattle, USA, and
colleagues several years ago initialized the dog aging
project to overcome this barrier [9]. Companion animals
like dogs as model organisms provide multifarious
advantages including a faster aging pace than humans,
high genetic diversity and a shared environment with
humans [10]. The dog aging project aims to investigate
the influence of genetic and environmental determinants
on the life- and healthspan of domestic dogs based on
survey, sequencing, blood biochemistry and -omics data
collection. Further, the project provides the opportunity
to test aging interventions, as already initiated for the
mammalian Target of Rapamycin (mTOR) inhibitor
rapamycin. Notably, the completed phase 1 for the
rapamycin intervention trial revealed no-side effects and
improved cardiac function in treated dogs [11].

Aubrey de Grey from the SENS Research Foundation,
Mountain View, California, USA, emphasized that
placing the focus on healthspan and not on lifespan will
help to rebut societal concerns for longevity
investigations [12]. Further, he discussed that human
diseases with a higher prevalence at older ages should be
treated and explored differentially than communicable
diseases. In this regard, he introduced the SENS Research
Foundation (SRF) and their concept of maintenance by
targeting mechanisms that mitigate cellular damage
accumulating during aging. Notably, treatments of age-
related diseases directed by spinouts of SRF aim to

increase the healthspan of elderly - increased longevity is
considered as a positive side-effect.

Cellular pathways of lifespan regulation

Aging entails a functional decline of multiple cellular
pathways that are required to maintain the cellular
homeostasis. Nine hallmarks of aging were classified
several years ago [13]; however, how these cellular
mechanisms are regulated and interconnected is still not
well understood. Adam Antebi from the Max Planck
Institute for the Biology of Aging, Cologne, Germany,
gave insights into how the nucleolus functions as a
cellular stress signaling hub during aging [14]. Recent
work from his group revealed a correlation between
reduced nucleolar size, reduced nucleolar fibrillarin
expression and extended lifespan in the nematode
C. elegans [15]. In line with their observation, a ncl-1
mutant strain with enlarged nucleoli reduced the
lifespan of various genetic longevity models; conversely
knockdown of nucleolar fibrillarin reduced nucleolar
size and extended lifespan. Alongside reduced nucleolar
size, long-lived C. elegans genotypes showed decreased
ribosome biogenesis. A similar correlation between the
nucleolus size and lifespan was observed in Drosophila,
mice as well as in isolated muscle cells from elderly
people who underwent a short-term period of reduced
caloric intake and exercise. A function of the nucleolus
in innate immunity was further demonstrated by the
observation of decreased nucleolar size and fibrillarin
expression upon bacterial infections [16]. These
observations further link proteostasis and immune
function with the aging process.

Thorsten Hoppe from the University of Cologne,
Cologne, Germany, presented his latest research results
regarding ~ microRNA-dependent  regulation  of
proteostasis and longevity. Recently, his research group
used an in vivo reporter assay [17] to identify protein
degradation defects in C. elegans mutants lacking the
microRNA mir-71 [18]. The study revealed that the
microRNA mir-71 regulates food odor perception and
subsequently controls the expression of #ir-I mRNA in
AWC (amphid wing cell C) olfactory neurons.
Disturbance of this pathway leads to reduced
proteostasis in the intestine and premature aging in
worms. Overall, their study highlighted a signaling axis
between the brain and gut in response to food odor, a
mechanism that may be relevant for age-associated
neurological disorders such as Parkinson’s disease.

Cornelis F. Calkhoven from the European Research
Institute the Biology of Ageing, Groningen,
Netherlands, shared with the audience his latest research
of the mTORCI1 driven transcription factor C/EBPf-
LIP. Research of Cornelis Calkhovens group revealed
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that reduced expression of C/EBPB-LIP in a mouse
model decreased age-dependent physical decline,
immune aging, and tumor incidence, while improving
metabolic function [19, 20]. Notably, increased lifespan
was observed in female but not in male mice [20].
Further, they used a compound library of FDA
approved drugs in a luciferase-based reporter assay to
identify drugs that reduce LIP expression [21]. In the
long-term, pharmacological inhibition of LIP expression
could be used to mimic the effects of caloric restriction.

Aged stem cell rejuvenation

Stem cell rejuvenation holds great promise for the
treatment of age-related disorders since stem cell
exhaustion is thought to be a common feature of the aging
process in multiple tissues [22]. Allowing self-renewal
may boost the repair capacity of tissues and counteract the
functional decline during aging. Danica Chen from the
University of California, Berkeley, USA highlighted the
Sirtuins, a NAD+-dependent protein deacetylase protein
family, as key players during the aging process and as a
promising target for stem cell rejuvenation [23]. Sirtuins
were originally identified to increase the lifespan of yeast
and the mammalian homologues Sirt2, Sirt3, and Sirt7
have been shown to be downregulated in aged
hematopoietic stem cells (HSC) [24, 25]. Danica and her
team uncovered a mitochondrial metabolic checkpoint
guarded by sirtuins that ensures mitochondrial health in
HSCs [26-28]. The mitochondrial metabolic checkpoint
becomes dysregulated in HSCs of old mice, resulting in
loss of HSC maintenance due to NLRP3 inflammasome
activation. Notably, targeting the Sirtuins-NLRP3
signaling pathway improved the function and repair
capacity of aged HSCs.

Ana Martin-Villalba from the German Cancer Research
Center, Heidelberg, Germany, introduced the audience to
the world of neuronal stem cell regeneration. With age,
the number of neuronal stem cells (NSCs) declines in the
subventricular zone. Recently, Ana Martin-Vallalbas
group revealed that a fast decline of all subpopulations of
NSCs occurs from young to middle-aged mice, however,
in old mice the decline was slowed down [29]. The
remaining population of neuronal stem cells is
maintained in a resistant quiescent state by inflammatory
signals. However, once activated old NSCs show a
functional similarity to young NSCs. Highlighting the
potential of NSCs re-activation in the aged brain to
counteract age-related neurological decline.

Jerome Feige from Nestlé Research, Lausanne,
Switzerland, emphasized different targeting strategies for
augmenting the repair capacity of aged muscle stem cells.
Loss of muscle mass and function can start at the early
adult stage and lead to sarcopenia, which contributes

vastly to the diminished life quality of the elderly [30].
The integrity of muscle stem cells is not only influenced
by intrinsic mechanisms but also by the diverse muscle
stem cell microenvironment, including fibro-adipogenic
progenitor cells (FAPs) [31]. In line with this, recent work
from his group revealed targeting of the muscle stem cell
niche as a promising intervention strategy [32].
Transcriptome profiling identified the FAPs secreted
matricellular protein WISP1 as an important factor for
maintaining the integrity of muscle stem cells.
Consequently, the expression of WISP1 declines during
age and restoration of WISP1 expression counteracts the
loss of muscle regeneration capacity.

Targeting the stem cell niche to rejuvenate stem cell
function was also discussed by Pekka Katajisto from
the Institute of Biotechnology, HiLIFE, University of
Helsinki, Helsinki, Finland and the Karolinska Institute.
Intestinal stem cells (ISCs) are supported by Paneth
cells that are specialized epithelial cells localized in the
stem cell niche. Caloric restriction inhibits mTORCI
signaling in Paneth cells, which promote ISC function
via paracrine mechanism, and thereby improve
regenerative capacity of intestinal epithelium after
irradiation in mice [33]. During aging, the functionality
of ISCs and Paneth cells decreases in human and in
mice [34]. The loss of function is in part caused by an
increase in Notum secreted by Paneth cells. Notum is a
deacylase that inactivates Wnt ligands necessary for
ISC maintenance and function. Strikingly, the Notum
inhibitor ABC99 increased the Wnt signaling pathway
in ISCs and restored the functionality of aged ISCs in
Vivo.

Drug discovery in aging research

Different strategies are pursued for the identification of
aging interventions: de novo drug discovery or
repurposing of existing drugs. In particular, repurposing
of FDA-approved drugs provides numerous advantages,
including lower costs and shorter timeline for the drug
development pipeline. Alexey Moskalev from the
Moscow Institute of Physics and Technology, Moscow,
Russia, approached the question if aging drug discovery
is becoming a reality. Geroprotection, is not a recent
idea and already received attention in the 1950s where
Denham Harman proposed the free radical theory of
aging and the potential of antioxidants [35]. Since that
time, more than 250 compounds have been shown to
increase lifespan in aging model organisms by targeting
cellular processes such as autophagy, cellular
senescence or DNA repair [36]. As aging is a
multifaceted process, recent studies indicate that a
combined use of drugs leading to healthy aging may
increase the benefit of single interventions [37, 38].
However, clinical trials for geroprotectors are still
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lacking due to the missing availability of reliable
biomarkers and beneficial drug classification [39].

One of the first and best-studied aging targets is the
nutrient sensor mMTOR. However, the regulatory
mechanism is still not fully understood and studying
mTOR regulation may help to identify new
interventions in the future, as outlined by David
Rubinsztein from the Cambridge Institute of Medical
Research, University of Cambridge, UK. Recent work
by David Rubinsztein’s group highlights the regulatory
mechanism that leucine imposes on mTOR signaling
[40]. Interestingly, in most of the cell types they
studied, the described signaling pathway was driven by
the leucine metabolite acetyl-coenzyme A and was
independent of any, so far, identified leucine receptor.
However, leucine sensing does appear to be mediated
by leucine sensors in some cell types, like HEK293
cells. In addition, David Rubinsztein underscored the
potential of drug repurposing for the identification of
autophagy inducers in brain disease [41]. A screen for
FDA-approved L-type calcium channel blockers
identified Felodipine as a strong autophagy inducer.
Felodipine showed neuroprotective effects in a mouse
model of Parkinson’s disease at plasma concentrations
similar to those seen in people taking the drug for
hypertension.

Anne Bertolotti from the MRC, Cambridge, UK,
discussed her research concerning the selective inhibition
of phosphatases to enhance the protein quality control
system in neurological disorders. Guanabenz was
identified to selectively inhibit the protein phosphatase
PPP1R15A, thereby inhibiting the dephosphorylation of
elF2alpha [42]. Prolonged activation of elF2alpha reduced
ER-stress caused by misfolded proteins via regulating
protein translation/chaperone availability rate. Based on
the promising effects of Guanabenz, its derivate Sephinl
prevented molecular and physiological changes in disease
models of Charcot-Marie-Tooth 1B and amyotrophic
lateral sclerosis [43]. To expand the approach of
phosphatase inhibition, Anne Bertolottis group developed
a platform to screen for phosphatase inhibitors [44]. As a
proof-of-concept, Raphinl was identified as novel
PPPIR15B inhibitor that attenuates neurological decline
in a Huntington’s disease mouse model.

Andrea Ablasser from the Global Health Institute,
Ecole Polytechnique Fédérale de Lausanne (EPFL),
Lausanne, Switzerland, discussed the potential of
targeting the cytosolic DNA sensing pathway cGAS-
Sting in human disease [45, 46]. The cGAS-Sting
pathway triggers the inflammatory response and thus it
represents a promising target for inflammatory-driven
diseases. Recently, her group identified C-176, C-178
and its derivates as small-molecule inhibitors of STING

mediated IFNbeta response [47]. A three-month
treatment with C-176 in a mouse model of
inflammatory disease strongly reduced inflammatory
parameters. Targeting the cGAS-Sting pathway may
also be relevant for senescence-mediated pathologies as
the ¢cGAS-Sting pathway was recently shown to be a
crucial regulator of cellular senescence [48].

Morten Scheibye-Knudsen from the Center for
Healthy Aging, Copenhagen, Denmark, highlighted the
diversity of aging features consistent with the
complexity of the aging process [49]. He supplied
evidence for a role of DNA damage in the aging process
both through highlighting that loss of DNA repair leads
to premature aging and by showing novel data
suggesting that stimulating DNA repair might
significantly extend the lifespan of model organisms.
Importantly, in collaboration with Insilico Medicine, his
team has discovered an abundance of small molecules
able to stimulate DNA repair.

Andrei Gudkov from the Department of Cell Stress
Biology at Roswell Park Comprehensive Cancer Center,
and its spinoff biotech company Genome Protection,
Inc. (GPI), both in Buffalo, NY, discussed his ongoing
work regarding the impact of genotoxic stress as a
driver of cellular senescence and aging. Recently, a
research study indicated that the re-activation of retro
transposable elements may be a source of DNA damage
during aging [50]. Inhibition of LINE1-encoded reverse
transcriptase significantly reduced age-related systemic
inflammation, accumulation of DNA damage markers
and may provide a target for antiaging and anticancer
interventions. Andrei Gudkov also briefly discussed the
hurdle to assess the health status of organisms such as
mice. In order to simplify this, they developed the
physiological frailty index, a non-invasive method to
determine the biological age of mice [51].

Quentin Vanhaelen, from Insilico Medicine, shared
their recent work showing how Al for generative
chemistry can be used to drive rapid drug discovery.
Point in question was the demonstration that efficacious
drugs can be developed in just 21 days for a new target.
Here, an effective inhibitor of discoidin domain receptor
1 (DDR1), a kinase target implicated in fibrosis, was
generated [52]. Clearly, Al driven discovery has now
progressed to a level where small molecule design can
be done more rapidly and accurately than ever before.
Generative chemistry technology combined with other
computational chemistry techniques was applied to
develop specific and selective modulators for multiple
targets implicated in aging and age-related diseases.

Adriano Aguzzi from the Institute of Neuropathology,
University of Ziirich, Ziirich, Switzerland, discussed the
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latest development in the research of prion diseases.
Prion diseases are a group of neurodegenerative
disorders that are caused by misfolding and aggregation
of the prion protein PrPC [53]. Adriano Aguzzi shared
his recent results regarding the disease-causing
mechanism and possible interventions. Notably, prion
diseases share some clinical and molecular features with
age-related neurodegenerative diseases such as
Alzheimer’s disease and Parkinson’s disease [54]. Thus,
new insights in one of them may help to find
interventions for all of these devastating disorders.

Big data analysis and technologies to accelerate
aging drug discovery

Recent advances in omics technologies have dramatically
increased the volume of data representing the complexity
of cellular processes and diseases. But how can we
implement big data to increase our knowledge about
aging processes and aging drug discovery? Vadim
Gladyshev from Brigham and Women’s Hospital,
Harvard Medical School, MA, USA highlighted the
importance of discovering novel biomarkers of aging to
assess the effect of longevity interventions in humans and
animal models. His group identified longevity signatures
based on comparative analysis of transcriptomic and
metabolomic data. Signatures were identified by
comparing short-lived and long-lived species [55, 56],
interventions leading to longevity [57], different ages [58]
and different cell types [59]. These signatures could be
used to identify novel longevity interventions.

Alexander Tyshkovskiy from Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA, USA,
and Belozersky Institute of Physico-Chemical Biology,
Moscow State University, Moscow, Russia, gave insights
into the gene expression signatures of different longevity
interventions in mice. To identify common patterns of
different interventions, they analyzed transcriptomic data
of mice of both sexes and different ages subjected to eight
different longevity interventions [57]. Combining their
data with published data from other groups, they
identified gene expression signatures associated with
lifespan extension. Notably, they developed the web-
based tool GENtervention (http:/gladyshevlab.org/
GENtervention/), which can be utilized to investigate
associations between genes and longevity. Overall, the
identified signatures may help to identify new lifespan-
extending interventions in the future.

Clearly, the analysis of large datasets has become an
essential part of biomedical research where Insilico
Medicine is a front-runner on the industrial side. In this
meeting, Ivan Ozerov, from Insilico Medicine,
introduced the multi-omics and drug discovery pipeline
Pandomics [60]. He demonstrated how published gene-

expression datasets can be combined with user owned
unpublished data, and how that can lead to the
identification of altered pathways as well as possible
molecules. Notably, the toolset gives information of
possible patents and other information that could guide
industries in decision making regarding the pursuit of
specific small molecules.

Michael A. Petr from the Center for Healthy Aging,
University of Copenhagen, Copenhagen, Denmark,
emphasized the advantages of studying aging processes
and interventions in M. musculus and D. melanogaster
animal models. Here he presented a specific case of
studying various model organisms of a premature aging
disorder in a single study, applying an intervention to
the models, and developing a technology to automate
the phenotyping process. The technology evolved due to
the limitations of high time and labor demand, as well
as costs to phenotype any model organism. Thus, he and
his colleagues developed a system utilizing computer
vision and deep learning to finely track model
organisms allowing hundreds of conditions to be tested
in parallel, while simultaneously generating a
comprehensive palette of data outputs (unpublished
data, http://www.tracked.bio).

The longevity industry

In addition to the academic talks, several companies
presented solutions to multiple issues within the aging
and drug discovery field. Martin Borch Jensen, from
Gordian Biotechnology, San Francisco, USA, presented
a discovery platform that allows simultaneously
screening thousands of therapeutics in individual animal
models. This addresses the problem that age-related
diseases involve a complex interplay between cells and
the aged environment, which is not captured with
traditional screening methods. By starting the drug
discovery process with  high-throughput target
validation in realistic, aged, disease environments, the
time and cost of later development for inefficacious
targets can be avoided.

A major obstacle to drug development lies with the
initial conversion of academic ideas to fundable small
molecules. Here, Tyler Golato, from Molecule
Protocols, Basel, Switzerland, demonstrated their
distributed IP platform whereby multiple investors can
spread the risk of small molecule development by
sharing initial early investment. This platform may
solve a major problem in drug development for
academia where the jump to commercialization is often
very difficult.

Reason, from Repair Biotechnologies, Syracuse, NY,
USA, introduced the two ongoing projects of the newly
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established company Repair Biotechnologies. The
projects focus on gene therapy-based repair of the two
common aging features thymic atrophy and
atherosclerosis that cause immunological dysfunction and
cardiovascular disease. Recently, Repair Biotechnology
has closed their first funding round allowing them to test
their therapies in animal models with the long-term goal
for clinical transition.

Anastasia Georgievskaya, from Haut.Ai, Tallinn,
Estonia, demonstrated how Al and computer vision
technology can be implemented to develop powerful
tools to study skin pathologies. Recently, Haut.Al
developed the PhotoAgeClock, a non-invasive
biomarker that can predict the age of humans with an
accuracy of 2.3 years mean absolute error [61].

Martin-Immanuel Bittner, from Arctoris Ltd, Oxford,
UK, showed us how drug discovery and development can
be accelerated by making use of automation. One of the
applications of automation and robotics is in
characterizing novel compounds such as senolytic agents
applicable for targeting age-related diseases. He made the
argument that automated experimentation using robotics
is the perfect companion to next generation Al-driven
drug discovery, by providing large amounts of structured,
validated, and highly reproducible data.

Unmesh Lal, from Frost and Sullivan, ended the
meeting with an overview of the aging, drug discovery
and Al field. He highlighted the many industry partners
involved and the opportunities for growth.

ACKNOWLEDGMENTS

We owe our deep gratitude to Bhupinder Bhullar and
Josefine Maier for their help with organizing the
conference. We further need to thank Ola Popova and
Polina Firsanova for their incredible help with everything
related to the conference. We would like to thank Anne
Bertolotti for her contribution to the meeting. We would
also like to thank the sponsors of the conference: Insilico
Medicine, Integra Biosciences, AgeX Therapeutics,
Repair Biotechnologies, Arctoris, Haut.Ai and Molecule
Protocol.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.
FUNDING

DB is supported by the German Research Foundation
(Forschungsstipendium; BA  6276/1-1) and the
Lundbeckfonden (#R303-2018-3159). DC is funded by
the NIH (ROIAG 063389, RO1AG063404,

RO1DK117481, ROIDK101885) and the NIFA. VNG is
supported by NIH grants. AT is supported by the
Russian Federation grant 14.W03.31.0012. TH is
supported by the Deutsche Forschungsgemeinschaft
(DFG) (CECAD) and the European Research Council
(consolidator grant 616499). DCR is grateful for
funding from the UK Dementia Research Institute
(funded by the MRC, Alzheimer’s Research UK and the
Alzheimer’s Society) (DCR), an anonymous donation to
the Cambridge Centre for Parkinson-Plus, The
Rosetrees Trust, The Tau Consortium and The Roger de
Spoelberch Foundation (DCR). MSK is funded by the
Nordea Foundation (#02-2017-1749), the Novo Nordisk
Foundation (#NNF170C0027812), the Danish Cancer
Society (#R167-A11015 001), the Independent
Research Fund Denmark (#7016-00230B), the Neye
Foundation and Insilico Medicine.

REFERENCES

1. Bakula D, Aliper AM, Mamoshina P, Petr MA, Teklu A,
Baur JA, Campisi J, Ewald CY, Georgievskaya A,
Gladyshev VN, Kovalchuk O, Lamming DW, Luijsterburg
MS, et al. Aging and drug discovery. Aging (Albany NY).
2018; 10:3079-88.
https://doi.org/10.18632/aging.101646
PMID:30425188

2. Barzilai N, Cuervo AM, Austad S. Aging as a Biological
Target for Prevention and Therapy. JAMA. 2018;
320:1321-22.
https://doi.org/10.1001/jama.2018.9562
PMID:30242337

3. Barzilai N, Crandall JP, Kritchevsky SB, Espeland MA.
Metformin as a Tool to Target Aging. Cell Metab. 2016;
23:1060-65.
https://doi.org/10.1016/j.cmet.2016.05.011
PMID:27304507

4. Martin-Montalvo A, Mercken EM, Mitchell SJ, Palacios
HH, Mote PL, Scheibye-Knudsen M, Gomes AP, Ward
TM, Minor RK, Blouin MJ, Schwab M, Pollak M, Zhang
Y, et al. Metformin improves healthspan and lifespan
in mice. Nat Commun. 2013; 4:2192.
https://doi.org/10.1038/ncomms3192 PMID:23900241

5. Cabreiro F, Au C, Leung KY, Vergara-lrigaray N,
Cochemé HM, Noori T, Weinkove D, Schuster E,
Greene ND, Gems D. Metformin retards aging in C.
elegans by altering microbial folate and methionine
metabolism. Cell. 2013; 153:228-39.
https://doi.org/10.1016/j.cell.2013.02.035
PMID:23540700

6. Bannister CA, Holden SE, Jenkins-Jones S, Morgan CL,
Halcox JP, Schernthaner G, Mukherjee J, Currie CJ. Can
people with type 2 diabetes live longer than those
without? A comparison of mortality in people initiated

WWwWw.aging-us.com 9977

AGING


https://doi.org/10.18632/aging.101646
https://doi.org/10.18632/aging.101646
https://www.ncbi.nlm.nih.gov/pubmed/30425188
https://www.ncbi.nlm.nih.gov/pubmed/30425188
https://doi.org/10.1001/jama.2018.9562
https://doi.org/10.1001/jama.2018.9562
https://www.ncbi.nlm.nih.gov/pubmed/30242337
https://www.ncbi.nlm.nih.gov/pubmed/30242337
https://doi.org/10.1016/j.cmet.2016.05.011
https://doi.org/10.1016/j.cmet.2016.05.011
https://www.ncbi.nlm.nih.gov/pubmed/27304507
https://www.ncbi.nlm.nih.gov/pubmed/27304507
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1038/ncomms3192
https://www.ncbi.nlm.nih.gov/pubmed/23900241
https://www.ncbi.nlm.nih.gov/pubmed/23900241
https://doi.org/10.1016/j.cell.2013.02.035
https://doi.org/10.1016/j.cell.2013.02.035
https://www.ncbi.nlm.nih.gov/pubmed/23540700
https://www.ncbi.nlm.nih.gov/pubmed/23540700

10.

11.

12.

13.

14.

with metformin or sulphonylurea monotherapy and
matched, non-diabetic controls. Diabetes Obes Metab.
2014; 16:1165-73.

https://doi.org/10.1111/dom.12354
PMID:25041462

Kulkarni AS, Brutsaert EF, Anghel V, Zhang K,
Bloomgarden N, Pollak M, Mar JC, Hawkins M, Crandall
JP, Barzilai N. Metformin regulates metabolic and
nonmetabolic pathways in skeletal muscle and
subcutaneous adipose tissues of older adults. Aging
Cell. 2018; 17:17.

https://doi.org/10.1111/acel.12723 PMID:29383869

Shahmirzadi AA, Edgar D, Liao CY, Hsu YM, Lucanic M,
Shahmirzadi AA, Wiley C, Riley R, Kaplowitz B, Gan G,
Kuehnemann C, Bhaumik D, Campisi J, et al. Alpha-
ketoglutarate, an endogenous metabolite, extends
lifespan and compresses morbidity in aging mice.
bioRxiv. 2019.

https://doi.org/10.1101/779157.

Kaeberlein M, Creevy KE, Promislow DE. The dog aging
project: translational geroscience in companion
animals. Mamm Genome. 2016; 27:279-88.
https://doi.org/10.1007/s00335-016-9638-7
PMID:27143112

Kaeberlein M. The Biology of Aging: Citizen Scientists
and Their Pets as a Bridge Between Research on Model
Organisms and Human Subjects. Vet Pathol. 2016;
53:291-98.
https://doi.org/10.1177/0300985815591082
PMID:26077786

Urfer SR, Kaeberlein TL, Mailheau S, Bergman PJ,
Creevy KE, Promislow DE, Kaeberlein M. A randomized
controlled trial to establish effects of short-term
rapamycin treatment in 24 middle-aged companion
dogs. Geroscience. 2017; 39:117-27.
https://doi.org/10.1007/s11357-017-9972-z
PMID:28374166

de Grey AD. Political Attention to Biomedical
Gerontology: Are  Our  Chances  Improving?
Rejuvenation Res. 2019; 22:189-90.
https://doi.org/10.1089/rej.2019.2217
PMID:31140368

Lopez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G. The hallmarks of aging. Cell. 2013;
153:1194-217.
https://doi.org/10.1016/j.cell.2013.05.039
PMID:23746838

Tiku V, Antebi A. Nucleolar Function in Lifespan
Regulation. Trends Cell Biol. 2018; 28:662-72.
https://doi.org/10.1016/j.tch.2018.03.007
PMID:29779866

15.

16.

17.

18.

19.

20.

21.

22.

23.

Tiku V, Jain C, Raz Y, Nakamura S, Heestand B, Liu W,
Spath M, Suchiman HE, Miller RU, Slagboom PE,
Partridge L, Antebi A. Small nucleoli are a cellular
hallmark of longevity. Nat Commun. 2017; 8:16083.
https://doi.org/10.1038/ncomms16083
PMID:28853436

Tiku V, Kew C, Mehrotra P, Ganesan R, Robinson N,
Antebi A. Nucleolar fibrillarin is an evolutionarily
conserved regulator of bacterial pathogen resistance.
Nat Commun. 2018; 9:3607.
https://doi.org/10.1038/s41467-018-06051-1
PMID:30190478

Segref A, Torres S, Hoppe T. A screenable in vivo assay
to study proteostasis networks in Caenorhabditis
elegans. Genetics. 2011; 187:1235-40.
https://doi.org/10.1534/genetics.111.126797
PMID:21288877

Finger F, Ottens F, Springhorn A, Drexel T, Proksch L,
Metz S, Cochella L, Hoppe T. Olfaction regulates
organismal proteostasis and longevity via microRNA-
dependent signaling. Nat Metab. 2019; 1:350-59.
https://doi.org/10.1038/s42255-019-0033-z
PMID:31535080

Zidek LM, Ackermann T, Hartleben G, Eichwald S,
Kortman G, Kiehntopf M, Leutz A, Sonenberg N, Wang
ZQ, von Maltzahn J, Miiller C, Calkhoven CF. Deficiency
in  mTORC1-controlled C/EBPB-mRNA translation
improves metabolic health in mice. EMBO Rep. 2015;
16:1022-36.
https://doi.org/10.15252/embr.201439837
PMID:26113365

Miller C, Zidek LM, Ackermann T, de Jong T, Liu P,
Kliche V, Zaini MA, Kortman G, Harkema L, Verbeek
DS, Tuckermann JP, von Maltzahn J, de Bruin A, et al.
Reduced expression of C/EBPB-LIP extends health and
lifespan in mice. elLife. 2018; 7:e34985.
https://doi.org/10.7554/eLife.34985 PMID:29708496

Zaini MA, Miller C, Ackermann T, Reinshagen J,
Kortman G, Pless O, Calkhoven CF. A screening strategy
for the discovery of drugs that reduce C/EBPB-LIP
translation with potential calorie restriction mimetic
properties. Sci Rep. 2017; 7:42603.
https://doi.org/10.1038/srep42603 PMID:28198412

Mahmoudi S, Xu L, Brunet A. Turning back time with
emerging rejuvenation strategies. Nat Cell Biol. 2019;
21:32-43.

https://doi.org/10.1038/s41556-018-0206-0
PMID:30602763

Chen D, Kerr C. The Epigenetics of Stem Cell Aging
Comes of Age. Trends Cell Biol. 2019; 29:563-68.
https://doi.org/10.1016/j.tch.2019.03.006
PMID:31030975

www.aging-us.com

9978

AGING


https://doi.org/10.1111/dom.12354
https://doi.org/10.1111/dom.12354
https://www.ncbi.nlm.nih.gov/pubmed/25041462
https://www.ncbi.nlm.nih.gov/pubmed/25041462
https://doi.org/10.1111/acel.12723
https://doi.org/10.1111/acel.12723
https://www.ncbi.nlm.nih.gov/pubmed/29383869
https://www.ncbi.nlm.nih.gov/pubmed/29383869
https://doi.org/10.1101/779157
https://doi.org/10.1101/779157
https://doi.org/10.1007/s00335-016-9638-7
https://doi.org/10.1007/s00335-016-9638-7
https://www.ncbi.nlm.nih.gov/pubmed/27143112
https://www.ncbi.nlm.nih.gov/pubmed/27143112
https://doi.org/10.1177/0300985815591082
https://doi.org/10.1177/0300985815591082
https://www.ncbi.nlm.nih.gov/pubmed/26077786
https://www.ncbi.nlm.nih.gov/pubmed/26077786
https://doi.org/10.1007/s11357-017-9972-z
https://doi.org/10.1007/s11357-017-9972-z
https://www.ncbi.nlm.nih.gov/pubmed/28374166
https://www.ncbi.nlm.nih.gov/pubmed/28374166
https://doi.org/10.1089/rej.2019.2217
https://doi.org/10.1089/rej.2019.2217
https://www.ncbi.nlm.nih.gov/pubmed/31140368
https://www.ncbi.nlm.nih.gov/pubmed/31140368
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://www.ncbi.nlm.nih.gov/pubmed/23746838
https://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1016/j.tcb.2018.03.007
https://doi.org/10.1016/j.tcb.2018.03.007
https://www.ncbi.nlm.nih.gov/pubmed/29779866
https://www.ncbi.nlm.nih.gov/pubmed/29779866
https://doi.org/10.1038/ncomms16083
https://doi.org/10.1038/ncomms16083
https://www.ncbi.nlm.nih.gov/pubmed/28853436
https://www.ncbi.nlm.nih.gov/pubmed/28853436
https://doi.org/10.1038/s41467-018-06051-1
https://doi.org/10.1038/s41467-018-06051-1
https://www.ncbi.nlm.nih.gov/pubmed/30190478
https://www.ncbi.nlm.nih.gov/pubmed/30190478
https://doi.org/10.1534/genetics.111.126797
https://doi.org/10.1534/genetics.111.126797
https://www.ncbi.nlm.nih.gov/pubmed/21288877
https://www.ncbi.nlm.nih.gov/pubmed/21288877
https://doi.org/10.1038/s42255-019-0033-z
https://doi.org/10.1038/s42255-019-0033-z
https://www.ncbi.nlm.nih.gov/pubmed/31535080
https://www.ncbi.nlm.nih.gov/pubmed/31535080
https://doi.org/10.15252/embr.201439837
https://doi.org/10.15252/embr.201439837
https://www.ncbi.nlm.nih.gov/pubmed/26113365
https://www.ncbi.nlm.nih.gov/pubmed/26113365
https://doi.org/10.7554/eLife.34985
https://doi.org/10.7554/eLife.34985
https://www.ncbi.nlm.nih.gov/pubmed/29708496
https://www.ncbi.nlm.nih.gov/pubmed/29708496
https://doi.org/10.1038/srep42603
https://doi.org/10.1038/srep42603
https://www.ncbi.nlm.nih.gov/pubmed/28198412
https://www.ncbi.nlm.nih.gov/pubmed/28198412
https://doi.org/10.1038/s41556-018-0206-0
https://doi.org/10.1038/s41556-018-0206-0
https://www.ncbi.nlm.nih.gov/pubmed/30602763
https://www.ncbi.nlm.nih.gov/pubmed/30602763
https://doi.org/10.1016/j.tcb.2019.03.006
https://doi.org/10.1016/j.tcb.2019.03.006
https://www.ncbi.nlm.nih.gov/pubmed/31030975
https://www.ncbi.nlm.nih.gov/pubmed/31030975

24,

25.

26.

27.

28.

29.

30.

31.

32.

Kaeberlein M, McVey M, Guarente L. The SIR2/3/4
complex and SIR2 alone promote longevity in
Saccharomyces cerevisiae by two different
mechanisms. Genes Dev. 1999; 13:2570-80.
https://doi.org/10.1101/gad.13.19.2570
PMID:10521401

Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehower
LA, Goodell MA. Aging hematopoietic stem cells
decline in function and exhibit epigenetic
dysregulation. PLoS Biol. 2007; 5:e201.
https://doi.org/10.1371/journal.pbio.0050201
PMID:17676974

Brown K, Xie S, Qiu X, Mohrin M, Shin J, Liu Y, Zhang D,
Scadden DT, Chen D. SIRT3 reverses aging-associated
degeneration. Cell Rep. 2013; 3:319-27.
https://doi.org/10.1016/j.celrep.2013.01.005
PMID:23375372

Luo H, Mu WC, Karki R, Chiang HH, Mohrin M, Shin JJ,
Ohkubo R, Ito K, Kanneganti TD, Chen D. Mitochondrial
Stress-Initiated Aberrant Activation of the NLRP3
Inflammasome Regulates the Functional Deterioration
of Hematopoietic Stem Cell Aging. Cell Rep. 2019;
26:945-954.e4.
https://doi.org/10.1016/j.celrep.2018.12.101
PMID:30673616

Mohrin M, Shin J, Liu Y, Brown K, Luo H, Xi Y, Haynes
CM, Chen D. Stem cell aging. A mitochondrial UPR-
mediated metabolic checkpoint regulates hematopoietic
stem cell aging. Science. 2015; 347:1374-77.
https://doi.org/10.1126/science.aaa2361
PMID:25792330

Kalamakis G, Briine D, Ravichandran S, Bolz J, Fan W,
Ziebell F, Stiehl T, Catala-Martinez F, Kupke J, Zhao S,
Llorens-Bobadilla E, Bauer K, Limpert S, et al.
Quiescence Modulates Stem Cell Maintenance and
Regenerative Capacity in the Aging Brain. Cell. 2019;
176:1407-1419.e14.
https://doi.org/10.1016/j.cell.2019.01.040
PMID:30827680

Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet. 2019;
393:2636-46.
https://doi.org/10.1016/50140-6736(19)31138-9
PMID:31171417

Ancel S, Mashinchian 0O, Feige JN. Adipogenic
progenitors keep muscle stem cells young. Aging
(Albany NY). 2019; 11:7331-33.
https://doi.org/10.18632/aging.102304
PMID:31537755

Lukjanenko L, Karaz S, Stuelsatz P, Gurriaran-Rodriguez
U, Michaud J, Dammone G, Sizzano F, Mashinchian O,
Ancel S, Migliavacca E, Liot S, Jacot G, Metairon S, et al.
Aging Disrupts Muscle Stem Cell Function by Impairing

33.

34,

35.

36.

37.

38.

39.

40.

Matricellular WISP1 Secretion from Fibro-Adipogenic
Progenitors. Cell Stem Cell. 2019; 24:433-446.€7.
https://doi.org/10.1016/j.stem.2018.12.014
PMID:30686765

Yilmaz OH, Katajisto P, Lamming DW, Giltekin Y,
Bauer-Rowe KE, Sengupta S, Birsoy K, Dursun A, Yilmaz
VO, Selig M, Nielsen GP, Mino-Kenudson M, Zukerberg
LR, et al. mTORC1 in the Paneth cell niche couples
intestinal stem-cell function to calorie intake. Nature.
2012; 486:490-95.

https://doi.org/10.1038/nature11163 PMID:22722868

Pentinmikko N, Igbal S, Mana M, Andersson S,
Cognetta AB 3rd, Suciu RM, Roper J, Luopajarvi K,
Markelin E, Gopalakrishnan S, Smolander OP, Naranjo
S, Saarinen T, et al. Notum produced by Paneth cells
attenuates regeneration of aged intestinal epithelium.
Nature. 2019; 571:398-402.
https://doi.org/10.1038/s41586-019-1383-0
PMID:31292548

Harman D. Origin and evolution of the free radical
theory of aging: a brief personal history, 1954-2009.
Biogerontology. 2009; 10:773-81.
https://doi.org/10.1007/s10522-009-9234-2
PMID:19466577

Moskalev A, Chernyagina E, Kudryavtseva A,
Shaposhnikov M. Geroprotectors: A Unified Concept
and Screening Approaches. Aging Dis. 2017; 8:354—63.
https://doi.org/10.14336/AD.2016.1022
PMID:28580190

Danilov A, Shaposhnikov M, Plyusnina E, Kogan V,
Fedichev P, Moskalev A. Selective anticancer agents
suppress aging in Drosophila. Oncotarget. 2013;
4:1507-26.

https://doi.org/10.18632/oncotarget.1272
PMID:24096697

Castillo-Quan JI, Tain LS, Kinghorn KJ, Li L, Gronke S,
Hinze Y, Blackwell TK, Bjedov |, Partridge L. A triple
drug combination targeting components of the
nutrient-sensing network maximizes longevity. Proc
Natl Acad Sci USA. 2019; 116:20817-19.
https://doi.org/10.1073/pnas.1913212116
PMID:31570569

Moskalev A, Chernyagina E, Tsvetkov V, Fedintsev A,
Shaposhnikov M, Krut'ko V, Zhavoronkov A, Kennedy
BK. Developing criteria for evaluation of
geroprotectors as a key stage toward translation to the
clinic. Aging Cell. 2016; 15:407-15.
https://doi.org/10.1111/acel.12463 PMID:26970234

Son SM, Park SJ, Lee H, Siddiqi F, Lee JE, Menzies FM,
Rubinsztein DC. Leucine Signals to mTORC1 via Its
Metabolite Acetyl-Coenzyme A. Cell Metab. 2019;
29:192-201.e7.

www.aging-us.com

9979

AGING


https://doi.org/10.1101/gad.13.19.2570
https://doi.org/10.1101/gad.13.19.2570
https://www.ncbi.nlm.nih.gov/pubmed/10521401
https://www.ncbi.nlm.nih.gov/pubmed/10521401
https://doi.org/10.1371/journal.pbio.0050201
https://doi.org/10.1371/journal.pbio.0050201
https://www.ncbi.nlm.nih.gov/pubmed/17676974
https://www.ncbi.nlm.nih.gov/pubmed/17676974
https://doi.org/10.1016/j.celrep.2013.01.005
https://doi.org/10.1016/j.celrep.2013.01.005
https://www.ncbi.nlm.nih.gov/pubmed/23375372
https://www.ncbi.nlm.nih.gov/pubmed/23375372
https://doi.org/10.1016/j.celrep.2018.12.101
https://doi.org/10.1016/j.celrep.2018.12.101
https://www.ncbi.nlm.nih.gov/pubmed/30673616
https://www.ncbi.nlm.nih.gov/pubmed/30673616
https://doi.org/10.1126/science.aaa2361
https://doi.org/10.1126/science.aaa2361
https://www.ncbi.nlm.nih.gov/pubmed/25792330
https://www.ncbi.nlm.nih.gov/pubmed/25792330
https://doi.org/10.1016/j.cell.2019.01.040
https://doi.org/10.1016/j.cell.2019.01.040
https://www.ncbi.nlm.nih.gov/pubmed/30827680
https://www.ncbi.nlm.nih.gov/pubmed/30827680
https://doi.org/10.1016/S0140-6736%2819%2931138-9
https://doi.org/10.1016/S0140-6736%2819%2931138-9
https://www.ncbi.nlm.nih.gov/pubmed/31171417
https://www.ncbi.nlm.nih.gov/pubmed/31171417
https://doi.org/10.18632/aging.102304
https://doi.org/10.18632/aging.102304
https://www.ncbi.nlm.nih.gov/pubmed/31537755
https://www.ncbi.nlm.nih.gov/pubmed/31537755
https://doi.org/10.1016/j.stem.2018.12.014
https://doi.org/10.1016/j.stem.2018.12.014
https://www.ncbi.nlm.nih.gov/pubmed/30686765
https://www.ncbi.nlm.nih.gov/pubmed/30686765
https://doi.org/10.1038/nature11163
https://doi.org/10.1038/nature11163
https://www.ncbi.nlm.nih.gov/pubmed/22722868
https://www.ncbi.nlm.nih.gov/pubmed/22722868
https://doi.org/10.1038/s41586-019-1383-0
https://doi.org/10.1038/s41586-019-1383-0
https://www.ncbi.nlm.nih.gov/pubmed/31292548
https://www.ncbi.nlm.nih.gov/pubmed/31292548
https://doi.org/10.1007/s10522-009-9234-2
https://doi.org/10.1007/s10522-009-9234-2
https://www.ncbi.nlm.nih.gov/pubmed/19466577
https://www.ncbi.nlm.nih.gov/pubmed/19466577
https://doi.org/10.14336/AD.2016.1022
https://doi.org/10.14336/AD.2016.1022
https://www.ncbi.nlm.nih.gov/pubmed/28580190
https://www.ncbi.nlm.nih.gov/pubmed/28580190
https://doi.org/10.18632/oncotarget.1272
https://doi.org/10.18632/oncotarget.1272
https://www.ncbi.nlm.nih.gov/pubmed/24096697
https://www.ncbi.nlm.nih.gov/pubmed/24096697
https://doi.org/10.1073/pnas.1913212116
https://doi.org/10.1073/pnas.1913212116
https://www.ncbi.nlm.nih.gov/pubmed/31570569
https://www.ncbi.nlm.nih.gov/pubmed/31570569
https://doi.org/10.1111/acel.12463
https://doi.org/10.1111/acel.12463
https://www.ncbi.nlm.nih.gov/pubmed/26970234
https://www.ncbi.nlm.nih.gov/pubmed/26970234

41.

42.

43.

44.

45.

46.

47.

48.

49.

https://doi.org/10.1016/j.cmet.2018.08.013
PMID:30197302

Siddigi FH, Menzies FM, Lopez A, Stamatakou E,
Karabiyik C, Ureshino R, Ricketts T, Jimenez-Sanchez M,
Esteban MA, Lai L, Tortorella MD, Luo Z, Liu H, et al.
Felodipine induces autophagy in mouse brains with
pharmacokinetics amenable to repurposing. Nat
Commun. 2019; 10:1817.
https://doi.org/10.1038/s41467-019-09494-2
PMID:31000720

Tsaytler P, Harding HP, Ron D, Bertolotti A. Selective
inhibition of a regulatory subunit of protein
phosphatase 1 restores proteostasis. Science. 2011;
332:91-94.

https://doi.org/10.1126/science.1201396
PMID:21385720

Das |, Krzyzosiak A, Schneider K, Wrabetz L, D’Antonio
M, Barry N, Sigurdardottir A, Bertolotti A. Preventing
proteostasis diseases by selective inhibition of a
phosphatase regulatory subunit. Science. 2015;
348:239-42.

https://doi.org/10.1126/science.aaas4484
PMID:25859045

Krzyzosiak A, Sigurdardottir A, Luh L, Carrara M, Das |,
Schneider K, Bertolotti A. Target-Based Discovery of an
Inhibitor of the Regulatory Phosphatase PPP1R15B.
Cell. 2018; 174:1216-1228.e19.
https://doi.org/10.1016/j.cell.2018.06.030
PMID:30057111

Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP
synthase is a cytosolic DNA sensor that activates the
type | interferon pathway. Science. 2013; 339:786-91.
https://doi.org/10.1126/science.1232458
PMID:23258413

Ishikawa H, Ma Z, Barber GN. STING regulates
intracellular DNA-mediated, type | interferon-dependent
innate immunity. Nature. 2009; 461:788-92.

https://doi.org/10.1038/nature08476 PMID:19776740

Haag SM, Gulen MF, Reymond L, Gibelin A, Abrami L,
Decout A, Heymann M, van der Goot FG, Turcatti G,
Behrendt R, Ablasser A. Targeting STING with covalent
small-molecule inhibitors. Nature. 2018; 559:269-73.
https://doi.org/10.1038/s41586-018-0287-8
PMID:29973723

Glick S, Guey B, Gulen MF, Wolter K, Kang TW,
Schmacke NA, Bridgeman A, Rehwinkel J, Zender L,
Ablasser A. Innate immune sensing of cytosolic
chromatin  fragments through cGAS promotes
senescence. Nat Cell Biol. 2017; 19:1061-70.
https://doi.org/10.1038/ncbh3586 PMID:28759028

Andreassen SN, Ben Ezra M, Scheibye-Knudsen M. A

50.

51.

52.

53.

54.

55.

56.

57. Tyshkovskiy A,

defined human aging phenome. Aging (Albany NY).
2019; 11:5786-806.
https://doi.org/10.18632/aging.102166
PMID:31408848

Simon M, Van Meter M, Ablaeva J, Ke Z, Gonzalez RS,
Taguchi T, De Cecco M, Leonova Kl, Kogan V, Helfand
SL, Neretti N, Roichman A, Cohen HY, et al. LINE1
Derepression in Aged Wild-Type and SIRT6-Deficient
Mice Drives Inflammation. Cell Metab. 2019; 29:871-
885.e5.

https://doi.org/10.1016/j.cmet.2019.02.014
PMID:30853213

Antoch MP, Wrobel M, Kuropatwinski KK, Gitlin 1,
Leonova Kl, Toshkov |, Gleiberman AS, Hutson AD,
Chernova OB, Gudkov AV. Physiological frailty index
(PFI): quantitative in-life estimate of individual biological
age in mice. Aging (Albany NY). 2017; 9:615-26.
https://doi.org/10.18632/aging.101206
PMID:28325885

Zhavoronkov A, Ivanenkov YA, Aliper A, Veselov MS,
Aladinskiy VA, Aladinskaya AV, Terentiev VA,
Polykovskiy DA, Kuznetsov MD, Asadulaev A, Volkov Y,
Zholus A, Shayakhmetov RR, et al. Deep learning
enables rapid identification of potent DDR1 kinase
inhibitors. Nat Biotechnol. 2019; 37:1038-40.
https://doi.org/10.1038/s41587-019-0224-x
PMID:31477924

Wulf MA, Senatore A, Aguzzi A. The biological function
of the cellular prion protein: an update. BMC Biol.
2017; 15:34.
https://doi.org/10.1186/s12915-017-0375-5
PMID:28464931

Scheckel C, Aguzzi A. Prions, prionoids and protein
misfolding disorders. Nat Rev Genet. 2018; 19:405-18.
https://doi.org/10.1038/s41576-018-0011-4
PMID:29713012

Ma S, Avanesov AS, Porter E, Lee BC, Mariotti M,
Zemskaya N, Guigo R, Moskalev AA, Gladyshev VN.
Comparative transcriptomics across 14 Drosophila
species reveals signatures of longevity. Aging Cell.
2018; 17:e12740.

https://doi.org/10.1111/acel.12740

PMID:29671950

Ma S, Yim SH, Lee SG, Kim EB, Lee SR, Chang KT,
Buffenstein R, Lewis KN, Park TJ, Miller RA, Clish CB,
Gladyshev VN. Organization of the Mammalian
Metabolome according to Organ Function, Lineage
Specialization, and Longevity. Cell Metab. 2015;
22:332-43.
https://doi.org/10.1016/j.cmet.2015.07.005

PMID:26244935

Bozaykut P, Borodinova AA,

www.aging-us.com

9980

AGING


https://doi.org/10.1016/j.cmet.2018.08.013
https://doi.org/10.1016/j.cmet.2018.08.013
https://www.ncbi.nlm.nih.gov/pubmed/30197302
https://www.ncbi.nlm.nih.gov/pubmed/30197302
https://doi.org/10.1038/s41467-019-09494-2
https://doi.org/10.1038/s41467-019-09494-2
https://www.ncbi.nlm.nih.gov/pubmed/31000720
https://www.ncbi.nlm.nih.gov/pubmed/31000720
https://doi.org/10.1126/science.1201396
https://doi.org/10.1126/science.1201396
https://www.ncbi.nlm.nih.gov/pubmed/21385720
https://www.ncbi.nlm.nih.gov/pubmed/21385720
https://doi.org/10.1126/science.aaa4484
https://doi.org/10.1126/science.aaa4484
https://www.ncbi.nlm.nih.gov/pubmed/25859045
https://www.ncbi.nlm.nih.gov/pubmed/25859045
https://doi.org/10.1016/j.cell.2018.06.030
https://doi.org/10.1016/j.cell.2018.06.030
https://www.ncbi.nlm.nih.gov/pubmed/30057111
https://www.ncbi.nlm.nih.gov/pubmed/30057111
https://doi.org/10.1126/science.1232458
https://doi.org/10.1126/science.1232458
https://www.ncbi.nlm.nih.gov/pubmed/23258413
https://www.ncbi.nlm.nih.gov/pubmed/23258413
https://doi.org/10.1038/nature08476
https://doi.org/10.1038/nature08476
https://www.ncbi.nlm.nih.gov/pubmed/19776740
https://www.ncbi.nlm.nih.gov/pubmed/19776740
https://doi.org/10.1038/s41586-018-0287-8
https://doi.org/10.1038/s41586-018-0287-8
https://www.ncbi.nlm.nih.gov/pubmed/29973723
https://www.ncbi.nlm.nih.gov/pubmed/29973723
https://doi.org/10.1038/ncb3586
https://doi.org/10.1038/ncb3586
https://www.ncbi.nlm.nih.gov/pubmed/28759028
https://www.ncbi.nlm.nih.gov/pubmed/28759028
https://doi.org/10.18632/aging.102166
https://doi.org/10.18632/aging.102166
https://www.ncbi.nlm.nih.gov/pubmed/31408848
https://www.ncbi.nlm.nih.gov/pubmed/31408848
https://doi.org/10.1016/j.cmet.2019.02.014
https://doi.org/10.1016/j.cmet.2019.02.014
https://www.ncbi.nlm.nih.gov/pubmed/30853213
https://www.ncbi.nlm.nih.gov/pubmed/30853213
https://doi.org/10.18632/aging.101206
https://doi.org/10.18632/aging.101206
https://www.ncbi.nlm.nih.gov/pubmed/28325885
https://www.ncbi.nlm.nih.gov/pubmed/28325885
https://doi.org/10.1038/s41587-019-0224-x
https://doi.org/10.1038/s41587-019-0224-x
https://www.ncbi.nlm.nih.gov/pubmed/31477924
https://www.ncbi.nlm.nih.gov/pubmed/31477924
https://doi.org/10.1186/s12915-017-0375-5
https://doi.org/10.1186/s12915-017-0375-5
https://www.ncbi.nlm.nih.gov/pubmed/28464931
https://www.ncbi.nlm.nih.gov/pubmed/28464931
https://doi.org/10.1038/s41576-018-0011-4
https://doi.org/10.1038/s41576-018-0011-4
https://www.ncbi.nlm.nih.gov/pubmed/29713012
https://www.ncbi.nlm.nih.gov/pubmed/29713012
https://doi.org/10.1111/acel.12740
https://doi.org/10.1111/acel.12740
https://www.ncbi.nlm.nih.gov/pubmed/29671950
https://www.ncbi.nlm.nih.gov/pubmed/29671950
https://doi.org/10.1016/j.cmet.2015.07.005
https://doi.org/10.1016/j.cmet.2015.07.005
https://www.ncbi.nlm.nih.gov/pubmed/26244935
https://www.ncbi.nlm.nih.gov/pubmed/26244935

58.

59.

60.

Gerashchenko MV, Ables GP, Garratt M, Khaitovich P,
Clish CB, Miller RA, Gladyshev VN. Identification and
Application of Gene Expression Signatures Associated
with Lifespan Extension. Cell Metab. 2019; 30:573—
593.e8.

https://doi.org/10.1016/j.cmet.2019.06.018
PMID:31353263

Szirdki A, Tyshkovskiy A, Gladyshev VN. Global
remodeling of the mouse DNA methylome during
aging and in response to calorie restriction. Aging Cell.
2018; 17:e12738.

https://doi.org/10.1111/acel.12738 PMID:29575528

Seim I, Ma S, Gladyshev VN. Gene expression
signatures of human cell and tissue longevity. NPJ
Aging Mech Dis. 2016; 2:16014.
https://doi.org/10.1038/npjamd.2016.14

PMID:28721269

Ozerov IV, Lezhnina KV, lzumchenko E, Artemov AV,
Medintsev S, Vanhaelen Q, Aliper A, Vijg J, Osipov AN,
Labat I, West MD, Buzdin A, Cantor CR, et al. In silico
Pathway Activation Network Decomposition Analysis

61.

(iPANDA) as a method for biomarker development. Nat
Commun. 2016; 7:13427.
https://doi.org/10.1038/ncomms13427
PMID:27848968

Bobrov E, Georgievskaya A, Kiselev K, Sevastopolsky A,
Zhavoronkov A, Gurov S, Rudakov K, Del Pilar Bonilla
Tobar M, Jaspers S, Clemann S. PhotoAgeClock: deep
learning algorithms for development of non-invasive
visual biomarkers of aging. Aging (Albany NY). 2018;
10:3249-59.

https://doi.org/10.18632/aging.101629
PMID:30414596

www.aging-us.com

9981

AGING


https://doi.org/10.1016/j.cmet.2019.06.018
https://doi.org/10.1016/j.cmet.2019.06.018
https://www.ncbi.nlm.nih.gov/pubmed/31353263
https://www.ncbi.nlm.nih.gov/pubmed/31353263
https://doi.org/10.1111/acel.12738
https://doi.org/10.1111/acel.12738
https://www.ncbi.nlm.nih.gov/pubmed/29575528
https://www.ncbi.nlm.nih.gov/pubmed/29575528
https://doi.org/10.1038/npjamd.2016.14
https://doi.org/10.1038/npjamd.2016.14
https://www.ncbi.nlm.nih.gov/pubmed/28721269
https://www.ncbi.nlm.nih.gov/pubmed/28721269
https://doi.org/10.1038/ncomms13427
https://doi.org/10.1038/ncomms13427
https://www.ncbi.nlm.nih.gov/pubmed/27848968
https://www.ncbi.nlm.nih.gov/pubmed/27848968
https://doi.org/10.18632/aging.101629
https://doi.org/10.18632/aging.101629
https://www.ncbi.nlm.nih.gov/pubmed/30414596
https://www.ncbi.nlm.nih.gov/pubmed/30414596

