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Maintenance of organismal homeostasis: integration of cellular & systemic stress responses

» Our cells are constantly exposed to damaging stress from both external sources (e.g. UV rays, temperature fluctuations), as well as internal
sources, including free radicals produced by damaged mitochondria.
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» Environmental stresses are ubiquitous and unavoidable to all living things.
» Organisms respond and adapt to stresses through defined regulatory mechanisms that drive changes in gene
expression, organismal morphology, or physiology.

> Adaptation is a genetic variation that allows an organism to better survive in its environment. Himanen and Sistonen, 2019 J Cell Science
Galluzzi et al., 2018 Nat Rev Mol Cell Biol



Autophagy: stress response to maintain cellular homeostasis

¢ Auto-phagy = Self- eating
» First time observed in rat livers
(de Duve C, Wattiaux R (1966) Annu Rev Physiol 28:435-492)

» High regulated, lysosome mediated catabolic process

The Nobel Prize in Physiology or

Medicine 1974

(Meet Dr. Christian de Duve )

This installment of Scientific Journeys focusses on the life
and achievements of Dr. Christian deDuve, who, among

other things. coined the term "Autophagy!”
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AUTOPHAGY: Nobel prize in Physiology and Medicine 2016

In yeast a large compartment called the vacuole corresponds to the lysosome in mammalian cells. Ohsumi

- generated yeast lacking vacuolar degradation enzymes. When these yeast cells were starved,

autophagosomes rapidly accumulated in the vacuole. His experiment demonstrated that autophagy exists in

i
1

yeast. As a next step, Ohsumi studied thousands of yeast mutants and identified 15 genes that are essential

7 for autophagy.

N
15 genes

» How autophagy is regulated and executed at the molecular level have been made in yeast.
> 32 different autophagy-related genes (Atg) Ichimura et al., (2000) Nature, 408, 488-492
Mizushima et al., (1998) Nature 395, 395-398

» Many of these genes are conserved in plants, worms, flies, fish and mammals. Tsukada and Ohsumi (1993) FEBS Letters 333, 169-174
Takeshige et al., (1992) Journal of Cell Biology 119, 301-311



Phases of the autophagic pathway

Initiation Vesicle elongation Maturation Docking and fusion Vesicle breakdown
and degradation

=
Lysosomal
acid hydrolases

Isolation membrane
(phagophore)

Autophagosome Autolysosome

Figure 1. Phases of the Autophagic Pathway.

The autophagic pathway proceeds through several phases, including initiation (formation of a preautophagosomal structure leading to
an isolation membrane, or phagophore), vesicle elongation, autophagosome maturation and cargo sequestration, and autophagosome—
lysosome fusion. In the final stage, autophagosomal contents are degraded by lysosomal acid hydrolases and the contents of the autolyso-
some are released for metabolic recycling.

Involves the formation of the autophagosome, which
contains and deliver sequestered cytoplasmic material

into lysosomes for degradation

The main functions of autophagy:

**Housekeeping and quality control of proteins and organelles

Aman et al., (2021) Nature Aging
Klionsky et al., (2021) EMBO J
Choi et al., (2013) N Engl J Med



Overview of the autophagic pathways

Macroautophagy
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General feature for all of them : proteolytic degradation of cytosolic
components at the lysosome

Allen and Baehrecke, (2020) Cell Death & Differentiation
Boya, Reggiori & Patrice Codogno, (2013) Nat Cell Biol
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Types of selective autophagy in mammals

b Mitochondria
Mitophagy Nucleophagy
Peroxisome RNA
Pexophagy Rnautophagy
Microbe
Lipophagy Xenophagy
Ribosome
gnnuln
Zymophagy Ribophagy
Endoplasmic
retiook protofns
Reticulophagy Aggrephagy

Lysosome

Lysophagy Selective Autophagy

Kitada and Koya, (2021) Nature Reviews Endocrinology
Khaminets et al., (2016) Trends Cell Biol
Rogov et al., (2014) Molecular Cell

Table 1. Overview of Receptors and Substrates in Selective Autophagy Pathways

Pathway
Ub-dependent
Aggrephagy
Mitophagy
Xenophagy
Pexophagy
Zymophagy
Proteaphagy
Midbody disposal
Nucleic acid disposal
Ub-independent
Mitophagy
ER-phagy
Nucleophagy
Ferritinophagy
Pexophagy
Glycophagy
Signalophagy
Cvt targeting
Lysophagy
Xenophagy
Virophagy

Fatty acid synthase (FAS) disposal

Undefined
Lipophagy
Ribophagy
Granulophagy
Myelinophagy

Receptor

p62, NBR1, OPTN, Cue5, TOLLIP

OPTN, NDP52, Tax1BP1
p62, NDP52, OPTN
NBR1

p62

RPN10

p62, NBR1

p62, NDP52

NIX, BNIP3, FUNDC1, Atg32
FAM134B, Atg40
Atg39

NCOA4

NBR1, Atg30, Atg36
Stbd1

c-Cbl

Atg19, Atg34
Galectin-8
Galectin-8

TRIM5x, SMURF1
FAS

Substrate

Protein aggregates
Mitochondria
Bacteria
Peroxisomes
Zymogen
Proteasomes
Midbody

Nucleic acids

Mitochondria

ER

Nuclear envelope
Ferritin
Peroxisomes
Glycogen

Src

Apel, Ams1
Lysosomes
Bacteria

Viral components

FAS

Lipid droplets
Ribosomes
Stress granules

Myelin
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Mitophagy: mitochondrial selective autophagy
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Basal mitophagy

a Non-selective autophagy degrades b Mitophagy selectively
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Degradation of dysfunctional mitochondria

Model of Parkin-induced mitophagy

Molecular mechanisms of mitophagy execution

PINK1/Parkin — mediated mitophagy Receptor — mediated mitophagy
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Palikaras et al., (2018) Nature Cell Biology
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Signaling pathways that regulate autophagy

» Common nutrient, growth factor, hormone, and stress signals regulate autophagy.

Energy depletion
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Trends In Molecular Medicine

Autophagy

IKKDb, inhibitor of nuclear factor kB kinase b; PI13K, phosphatidylinositol-3 kinase; PTEN, phosphatase and tensin homolog; MAPK, mitogen-activated protein kinase;
TSC1/2, tuberosclerosis complexes 1 and 2; and EF, elongation factor.

Rabinowitz and White, 2010 Science
Leidal et al., 2018 Nature Cell Biology
Lou et al., 2019 Trends Mol Med



Autophagy and mitophagy efficiency decline with age

NEURODEGENERATIVE DISORDERS

® Alzheimer disease
* Parkinson disease

* Neuropathies
* ALS

CARDIOVASCULAR DISEASES
* Ischemia/reperfusion injury

¢ Cardiomyopathie

¢ Atherosclerosis

PULMONARY DISORDERS
* COPD

Toxic protein
aggregates

Accumulaton of damaged mitochondr;ai_;._s

¢ Cystic fibrosis
* Pulmonary fibrosis

y N

/ N HEPATIC DISORDERS
'Neuronal * Cirthosis
" death / * Cholestasis
\\ /' ¢ Hyperammonemia
\\\,,k_,//
T RENAL DISEASES

¢ Acute kidney injury
¢ Chronic kidney disease

REPRODUCTIVE DYSFUNCTIONS

¢ Female infertility
* Male infertility

Klionsky et al., 2021 EMBO J
Song et al., 2021 Molecular Neurobiology
Leidal et al., 2018 Nat Cell Biol

¢ Endometriosis

OCULAR DISORDERS

* Glaucoma
* Age-related macular degeneration

CANCER

* Breast cancer

* Melanoma

¢ Pancreatic cancer
* Lung cancer

IMMUNITY TO PATHOGENS

® Bacterial infections
e Viral infections

AUTOIMMUNE DISORDERS

¢ Inflammatory bowel disease
* Systemic lupus erythematous

METABOLIC SYNDROMES

¢ Obesity
¢ Type 2 diabetes
e NAFLD

MUSCULOSKELETAL DISEASES

¢ Degenerative myopathies
* PDB

* Osteoarthritis

* Osteoporosis

ORGAN-SPECIFIC ILLNESSES
SYSTEMIC ILLNESSES

» Autophagy & mitophagy dysfunction: acommon denominator in age-related diseases



Ageing & mitophagy deficiency lead to increased prevalence of neurodegeneration

Increased mitochondrial population
: 4
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Sheng, 2014 Journal of Cell Biology
Kerr et al., 2017 Trends in Neurosciences
Lou*, Palikaras* et al., 2019 Trends in Molecular Medicine



Ageing & mitophagy deficiency lead to increased prevalence of neurodegeneration

Telomere
attrition

\_ ADPDHDALS )

Loss of
proteostasis

\ ADPD /

Genomic
instability

\_ ADPDHDALSAT )/

Ageing hallmarks

and
neurodegeneration

Epigenetic
alterations

\ AD PD HD /

é%@ﬁz//

Altered intercellular
communication

ADPDHDALS

a Alzheimer disease b Parkinson disease
600 - 2,500
< S
Q ] =
& °00 < 2,000- P
5 a
S 400- o Q
o o 1,500+
= S
S 300- S
> I=
- Women / 4 S 1,000
8_ 200 E Men
2 " o 500- Women
w100 1]
4v] o %)
“ S
B S S S Sy A S S S S
A A\ o) O > o) N o)
S FS S S ¢ & & s 7
Age (years) Age (years)
Amyotrophic lateral sclerosis
- 257
il
©
= 207 o
o
5]
= 154
S o °
=
S
S 10+
s o
Q.
n 54
Q o
wy
S
0‘I’ T | I

Hou et al., 2020 Nat Rev Neur-.

I
S O
e }0 ' .?%

Age (years)

Deregulated Stem cell
nutrient sensing V=~ I U exhaustion
__ADPDHD \__ADPDHD
Mitochondrial Cellular
dysfunction senescence
\ AD PD AT / \_ ADPDHDALS /




Basal OCR
(pmol O, min worm‘1)

Mitophagy deregulation in the pathogenesis Alzheimer’s disease
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Pharmacological intervention to modulate neuronal mitophagy

Synthetic chemical
agents (e.g.
mitochondrial toxicants,
iron chelators, NAD*
precursors)

Natural occurring
compounds (e.g.
spermidine, urolithin A,
antibiotics)

N

?

~

mitophagy

GED
"

mitochondrial biogenesis

mitochondrial damage

@&y —
@

Tissue homeostasis collapse
r N

3

%

X3

%

X3

%

X3

*

X3

'

ROS generation
impaired Ca*2 buffering
inflammation

genome instability

cell death

ageing
autoimmunity
cardiovascular diseases >
neurodegenerative diseases
metabolic disorders
carcinogenesis

7
A
VVVVVYYVY

. J

Palikaras and Tavernarakis, (2019) Encyclopedia of Biomedical Gerontology



In vivo assessment of mitochondrial selective autophagy

mitochondria-targeted Rosella biosensor
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Pharmacological intervention to modulate neuronal mitophagy
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» Urolithin A: naturally occurring compound that triggers
mitophagy, thereby increasing lifespan in worms and improving
muscle function in rodents and humans.

» Nicotinamide riboside (NR): NAD* precursor molecule

promoting energy homeostasis and lifespan.

» Actinonin: actinonin, a naturally occurring antibacterial agent

Andreux et al., 2019 Nature Metabolism
Mitchell et al., 2018 Cell Metabolism
Ryu et al., 2016 Nature Medicine

Fang*, Hou*, Palikaras* et al., (2019) Nature Neuroscience
Palikaras and Tavernarakis, (2019) Encyclopedia of Biomedical Gerontology



Mitophagy induction ameliorates A pathology and
cognitive decline in APP/PS1 AD mice
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Debbie Maizels/Springer Nature

Mitochondria as a signaling hub of immunity
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Mitophagy induction inhibits neuronal inflammation in APP/PS1 AD mice
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Mitophagy induction inhibits neuroinflammation in APP/PS1 AD mice
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Mitochondrial damage triggers cGAS-STING pathway in AD mice

MITOCHONDRIAL STRESS
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Impaired mitophagy: a hallmark in AD pahtophysiology
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Mitochondrial dysfunction in Parkinson’s Disease

E‘N“-onmental Iacm,s
> Kitada, T. et al. Mutations in the parkin gene cause autosomal recessive juvenile
<on"® . 4994,,9 Sporadic PD > g J
et parkinsonism. Nature 392, 605-608 (1998).

» Valente, E. M. et al. Hereditary early-onset Parkinson’s disease caused by mutations in
PINK1. Science 304, 1158-1160 (2004).
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cGAS-STING induced inflammation in Parkinson’s Disease

Serum IL-6 concentration in Serum IL-6 & IFNB1 concentration in mice Neuronal loss in PD mice
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Pharmacological upregulation of mitophagy to treat neuroinflamation
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pharmacologic and dietary

interventions

activate

autophagy/mitophagy signaling and thereby promote beneficial

effects at the cellular and organismal levels, contributing to

prolonged life span and health span.



Autophagy/Mitophagy: Double edged sword in cellular physiology

Healthy Cell

Mitophagy
+ Removal of damaged and /or superfluous Mitochondrial biogenesis
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Mitochondrial depolarization
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Potent autophagy inducers against pathological conditions

Agent

Developmental status

Mechanism of autophagy induction

ABT-199 (also known as Venetoclax)

ABT-263 (also known as Navitoclax)
ABT-737
Alvespimycin (also known as 17-DMAG)

Beclin-1-derived peptide

Carbamazepine

Clonidine and Rilmenidine
Caloric restriction
Everolimus (also known as RADOO1)

Geldanamycin

Hydroxycitrate
Lithium

Metformin

Perhexiline

Physical exercise

Rapamycin (also known as sirolimus)
Resveratrol

Statins

Spermidine

Tanespimycin (also known as 17-AAG)

Temsirolimus (also known as CCI-779)
Torins

Trehalose

Trifluoperazine

Approved for the treatment of chronic lymphocytic
leukaemia (CLL)

Phase I/l clinical trials for cancer
In preclinical development

Discontinued from clinical tests (hepatotoxicity)

In preclinical development

Approved for treatment of seizures and bipolar disorders

Approved for the treatment of hypertension
Not available
Approved for cancer therapy

Discontinued from clinical tests (hepatotoxicity)

Nutritional supplement

Approved for treatment of bipolar disorders

Approved for type Il diabetes

Approved for angina

Not available
Approved for immunosuppression and cancer therapy
Nutritional supplement

Approved for obesity

Nutritional supplement

Discontinued from clinical tests

Approved for cancer therapy

Experimental agent

Nutritional supplement, Phase I/l clinical trials for bipolar

disorder and vascular aging

Approved for schizophrenia

BH3 mimetic and Beclin-1 activator

BH3 mimetic and Beclin-1 activator
BH3 mimetic and Beclin-1 activator

HSP9O inhibitor and inhibition of Akt/
mTOR/p70S6K signalling?

Beclin-1 activator

Reduction in Ins(1,4,5)P; and inositol
levels

Reduction in cAMP levels
Multiple
Inhibition of mMTORC1

Inhibition of Akt/mTOR/p70S6K
signalling?
CRM and AMPK activation

Reduction in Ins(1,4,5)P; and inositol
levels

CRM and AMPK activation

CRM, AMPK activation and Acetyl-CoA
reduction

Multiple
Inhibition of mMTORC1
CRM and SIRT1 activation

Depletion of geranylgeranyl disphosphate,
AMPK activation and mTORC1 inhibition

CRM and EP300 deacetylase inhibitor

HSP9O0 inhibitor and inhibition of Akt/
mTOR/p70S6K signalling?

Inhibition of MTORC1
Inhibition of mMTORC1

Glucose transporter inhibition and AMPK
activation

Dopamine agonist and unknown

Leidal et al., 2018 Nat Cell Biol



Urolithin A: First-in-class mitophagy enhancer

Urolithin A induces mitophagy and prolongs lifespan The mitophagy activator urolithin A is safe and

inC. elegansandincreases musclefunctioninrodents ~ inducesamolecular signature of improved
mitochondrial and cellular health in humans

Dongryeol Ryu, Laurent Mouchiroud, Pénélope A Andreux, Elena Katsyuba, Norman Moullan, Amandine

A Nicolet-dit-Félix, Evan G Williams, Pooja Jha, Giuseppe Lo Sasso, Damien Huzard, Patrick Aebischer, Pénélope A. Andreux, William Blanco-Bose, Dongryeol Ryu, Frédéric Burdet, Mark Ibberson, Patrick
Carmen Sandi, Chris Rinsch & & Johan Auwerx & Aebischer, Johan Auwerx, Anurag Singh & Chris Rinsch
Nature Medicine 22, 879-888 (2016) ‘ Cite this article Nature Metabolism 1, 595-603 (2019) | Cite this article
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Urolithin A improves muscle function by inducing mi-
tophagy in muscular dystrophy
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Oral uptake

Ellagitannin and
ellagic acid

rich foods

Fruits & nuts

Gut metabolism

Urolithin A precursors:
Ellagitannins and ellagic acid
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Gut microbiome conversion
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+* Requires specific microbiome

« Is reduced with aging

Urolithin A: First-in-class mitophagy enhancer

* Metabolic fun

Urolithin A

Direct
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Urolithin A benefits on

» Mitochondrial and cellular health
 Age-related conditions

ction

» Gastrointestinal homeostasis
* Acute diseases

Trends in Molecular Medicine
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Immunomodulatory functions of Urolithin A

Table 1. Immunomodulatory function of UroA.

Category Test Model Disease Type/Treatment Dose (UroA) Metabolic Response Ref.
i MP tivit d LP tivit ith i helati
Immune C57BL/6 mice Edema 40 mg/kg/BW orally i - Oda;i;flvgf ;inht (mo) achvity with iron chelation [26]
BMDM 10 pM (BMDM) ear ede €18 8

J IL-18 production (%), MMP-9 production (%), MPO
release (%)

Immune Ex vivo human neutrophils LPS inflammation 20 uM 1 ROS release (%) [27]
J Superoxide anion production activity (%) and
1 uric acid production activity (%)
J TNF«, IL-6, nitrite, INOS
J DNA binding response to LPS, LPS induced

RAW265 murine translocation of p65
Immune macrophages and peritoneal LPS inflammation 2-40 pM T IkBax [28]
macrophages | AP-1 DNA binding activity, c-JUN and p-c-JUN
J p-Akt, p-JNK, p-p38
J NOX (ROS)
Human osteoarthritis J II-13, iNOS, Cox-2, NO generation, PG32
chondrocytes 3-30 uM J IkBx degradation and translocation of P65 to nucleus
-, J. PI3BK/ Akt signaling pathway 29
Immune Osteoarthritis J p-PI3K and p-AKT-positive chondrocytes in mouse 9]
20 mg/kg/day intragastric | p65-positive nuclei in UA mouse chondrocytes; milder
DMM mouse model administration narrowing of joint space compared to OA group
J MMP13, MMP3, iNOS, Cox2, ADAMST4, MMP9
" 1 Col2al

Immune Rat chondrocytes Osteoarthritis 1-15 uM + Collagen I, Aggrecan, Sox9 [30]

| p65, p-ERK1/2, p-JNK, p-P38
U937 cell . . J Tnfec

[mmune THP-1 LPS inflammation 15,30 uM 1 NFkB signaling, p50 and p60 subunits (31]

J NO production, nitrite, iNOS
RAW 264.7 murine . . 1 NF-kB p65 nuclear translocation
[mmune macrophages LPS inflammation 2-40 M J binding to NF«B p50 binding 321

LTL-1B, TNFa, IL-6

Toney et al., 2021 Biomedicine
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Autophagy modulators in lifespan extension
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Sl °°mp'e" signaling and thereby promote beneficial effects at the cellular and
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Autophagy: stress response to maintain cellular homeostasis

The field of autophagy research has developed rapidly since the first description of the process in the 1960s and
the identification of autophagy genes in the 1990s
|
nay

The father of AUTOPHAGY - self-eating

. (Meet Dr. Christian de Duve )

This installment of Scientific Journeys focusses on the life
and achievements of Dr. Christian deDuve, who, among

other things. coined the term “Autophagy!”

archive archive archive
Albert Claude Christian de Duve George E. Palade
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

Sabatini and Adensik, 2013 PNAS



