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Abstract
Macroautophagy is a cellular degradation pathway that deliver cytoplasmic
components such as damaged organelles, misfolded proteins, and pathogens to
the lysosomes for degradation. Autophagy is associated with the survival of the
cell under stress conditions and infections. Nutrient deprivation is one of the main
inducers of autophagy, which recycles cytoplasmic components to provide build-
ing blocks required for cell survival and maintains cellular homeostasis. Due to its
cytoprotective effects, autophagic responses are necessary in resisting diseases
and ensuring health. Understanding the regulation of autophagic responses in
mammalian cells is required to improve human health through innovations in
treatment strategies. This chapter focuses on recent findings about autophagy
mechanisms and their role in the body’s response to starvation as well as the
current knowledge of autophagy-related malnutrition disorders.

Keywords
Autophagy • Starvation • Stress • mTOR • AMPK • LC3 • ULK1 • ATG •
Metabolic disease • Lysosome

S. Erbil-Bilir
Molecular Biology, Genetics and Bioengineering Program, Sabanci University, Istanbul, Turkey
e-mail: secilerbil@sabanciuniv.edu

D. Gozuacik
Molecular Biology, Genetics and Bioengineering Program, EFSUN-Center of Excellence for
Functional Surfaces and Interfaces for Nano Diagnostics, Sabanci University, Istanbul, Turkey
e-mail: dgozuacik@sabanciuniv.edu

O. Kutlu (*)
Nanotechnology Research and Application Center, EFSUN-Center of Excellence for Functional
Surfaces and Interfaces for Nano Diagnostics, Sabanci University, Istanbul, Turkey
e-mail: ozlemkutlu@sabanciuniv.edu

# Springer International Publishing AG 2017
V.R. Preedy, V.B. Patel (eds.), Handbook of Famine, Starvation, and Nutrient
Deprivation, DOI 10.1007/978-3-319-40007-5_69-1

1

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Sabanci University Research Database

https://core.ac.uk/display/190018067?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:secilerbil@sabanciuniv.edu
mailto:dgozuacik@sabanciuniv.edu
mailto:ozlemkutlu@sabanciuniv.edu


List of Abbreviations
3HB 3-beta-hydroxybutyrate
AcAc Acetoacetate
ATG Autophagy-related proteins
CD Crohn’s disease
CMA Chaperone-mediated autophagy
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HCV Hepatitis C virus
IBMPFD Inclusion body myopathy with early-onset Paget disease and

frontotemporal dementia
LC3 Microtubule-associated protein 1A/1B-Light chain 3
PE Phosphatidylethanolamine
PI3K Phosphatidylinositol 3-kinase
SLE Systemic lupus erythematosus
Th2 Helper T cell 2
Ub Ubiquitin
VLDL Very-low density lipoprotein

Contents
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Mammalian Autophagy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Molecular Signaling Pathways in Starvation-Induced Autophagy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Autophagy at Organ and Tissue Level and Affected Human Diseases from Their Impairment 6

Liver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Pancreas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Muscular Tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Other Human Diseases Affected by Mutations in Starvation-Induced Autophagy Genes . . . . . . 8
Asthma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Systemic Lupus Erythematosus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Crohn’s Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Obesity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Policies and Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Dictionary of Terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Summary Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Introduction

Autophagy is the primary cellular response of cells to starvation. In mammalian
cells, survival responses are mainly dependent on hormonal and neuronal deregula-
tions from stress signals. Mammalian cells respond to starvation by activating
lipolysis and proteolysis, which are regulated by autophagic activation pathways
upon nutrient deprivation (Hosokawa et al. 2009; Petibone et al. 2017). Activation of
lipolysis is required to provide fatty acids through the breakdown of triacylglycerols
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as an energy source for different tissues and organs during nutrient deprivation
(Cockburn and Coore 1995; Angelini et al. 2016). Moreover, glycerol, which is a
side product of lipolysis, can be utilized in the liver to be used as a glucose source
under starvation conditions. When cells are exposed to long-term nutrient depriva-
tion and energy loss, an excess amount of lipolysis results in the production of
ketone bodies, which are the end product of free fatty acid oxidation reaction and can
be used as an energy source in muscle and neurons. Since not all cells have the
ability to use ketone bodies as an energy source, the cells that cannot utilize these
small molecules activate proteolysis as a response to starvation (Luo et al. 2017; Lee
et al. 2017). Proteolysis can be activated in two different ways, depending on the
tissue type and stress duration. The first is the ubiquitin-mediated proteolysis system,
which selectively degrades the nonfunctional or misfolded proteins which are linked
to ubiquitin markers. Ubiquitin-mediated proteolysis is mostly active in skeletal
muscle cells. The second pathway is the lysosomal pathway, which is activated upon
long-term starvation and is responsible for the nonselective degradation of proteins
through enzymatic activity in lysosomes.

Mammalian Autophagy

Autophagy is a well conserved lysosomal catabolic pathway that is required for the
recycling of cellular compartments and proteins. However, this chapter is focused on
macroautophagy, which is the predominant form in mammals. There are two addi-
tional types of autophagy: microautophagy and chaperone-mediated autophagy
(CMA). Microautophagy occurs via the direct engulfment of cytoplasmic cargo
by lysosomes by which it is degraded by enzymatic activity. CMA is a selective
type of autophagy which occurs by chaperone-mediated selection and direct trans-
location of proteins into lysosomes without any need for the formation of double
membrane structures. Macroautophagy (hereafter referred to as autophagy) is mostly
activated upon stress signals in mammals; however, it also occurs under normal
conditions in order to maintain cellular homeostasis by providing the turnover of
long-lived, damaged, nonfunctional proteins in the cell (Erbil et al. 2016; Mathiassen
et al. 2017). Upon stress, autophagy starts with the initiation and elongation of the
little membrane structures in the cytosol. These double membrane structures engulf
the cargo and form the autophagosomes. Lysosomes are then fused with the auto-
phagosomes in order to form autolysosomes, by which the cargo is degraded by
lysosomal enzymes and byproducts are released back to the cytosol to be utilized as
an energy supply in the cell.

Molecular Signaling Pathways in Starvation-Induced Autophagy

Identification of the autophagy-related (ATG) proteins leads to an improvement of
the clarification of the molecular signaling pathways of autophagy. Recently, 36
ATG proteins have been discovered in the core machinery of mammalian autophagy.
These proteins are involved in different functional complexes in autophagycascade.
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The main four complexes are demonstrated in Fig. 1: ULK1 and phosphatidy-
linositol 3 kinase (PI3K) complexes, Ubiquitin (Ub)-like conjugation systems 1
and 2. Table 1 summarizes their key roles in the activation of autophagy as the
cellular response to starvation in mammals.

Fig. 1 Signaling regulation of starvation-induced autophagy. In mammals, starvation-induced
autophagy starts with the activation of AMPK and TSC followed by the inhibition of Rheb and
mTOR through phosphorylation events. When nutrients are limited, the phosphorylation of ULK1
by mTOR is inhibited due to mTOR inactivation. Upon dephosphorylation, ULK1 can interact with
the other complex elements which mediate the formation of PAS leading to the initiation of
autophagosome structures. Further nucleation steps require a PI3K complex which is formed by
VPS34 and VPS15 and their regulatory subunits Beclin 1 and ATG14. Membrane elongation and
closure requires two different Ub-like conjugation systems. Ub-like conjugation systems 1 and 2
together lead to PE conjugation of LC3 that is essential for the elongation of the membrane
structures. Moreover, membrane-bound LC3 is required for the recognition of the cargo through
adaptor proteins as well as the lysosome fusion to the autophagosomes. The resulting structure is
named as autolysosomes and the cargo is degraded by enzymatic activity inside these structures.
Key: PAS, phagophore assembly site; TSC, tuberous sclerosis complex; VPS34 and 15, vacuolar
protein sorting 34 and 15; Ub, ubiquitin; PE, phophatidylethanolamine; LC3, microtubule-associ-
ated protein 1 light chain 3
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AMPK is the main energy sensor of the cell, and it plays a crucial role in the
induction of starvation-induced autophagy in mammalian cells (Garcia and Shaw
2017). When a nutrient level is limited, AMPK activation leads to mTOR inhibition
through TSC activation and Rheb inhibition. Therefore, AMPK indirectly activates
the ULK1 complex which is in the downstream of mTOR and kept inactivated
through phosphorylation events. Recent studies have showed that in addition to
mTOR, AMPK can also phosphorylate ULK1 directly to lead to its activation upon
starvation signals. Following phosphorylation, ULK1 interacts with the other com-
plex elements, FIP200, ATG101, and ATG13, to form the ULK1 complex and
phosphorylates them to activate the complex (Petherick 2015). The active ULK1
complex translocates to the ER membrane and activates the PI3K complex which
consists of Beclin 1, ATG14, and vacuolar protein sorting 34 and 15 (VPS34 and
15). The PI3K complex recruits Ub-like conjugate system 1, formed by ATG12-5-16
proteins, which plays a role in the elongation and closure of the isolation membrane
(Zhong et al. 2017). Moreover, Ub-like conjugate system 1 is also required for the

Table 1 Key protein complexes acting in starvation-induced autophagy in mammalian cells.
ULK1 complex, PI3K complex, Ub-like conjugation system 1, and Ub-like conjugation system 2
are the key protein complexes that act in starvation-induced autophagy. ULK1 complex consists of
ULK1, ATG13, FIP200, and ATG101; PI3K complex consists of Beclin1, ATG14, Vps34, and
Vps15; Ub-like conjugation system 1 consists of ATG5, ATG12, and ATG16; Ub-like conjugation
system 2 consists of ATG3, ATG4, ATG7, and LC3 proteins. Key: PI3K, phosphatidylinositol 3
kinase; ATG3, 4, 5, 7, 12, 13, 14, 16, and 101, autophagy-related proteins 3, 4, 5, 7, 12, 13, 14, 16,
and 101; VPS34 and 15, vacuolar protein sorting 34 and 15; Ub, ubiquitin; LC3, microtubule-
associated protein 1 light chain 3

Complex
Complex
elements Function

ULK1 complex ULK1
ATG13
FIP200
ATG101

This complex is negatively regulated by mTOR. Upon
autophagy induction by starvation signals received by
mTOR, ULK1 is activated by self-phosphorylation and
translocates into the early autophagic structures. In addition
to its self-phosphorylation, ULK1 phosphorylates ATG13
and FIP200 due to complex activation

PI3K complex Beclin 1
ATG14
Vps34
Vps15

This complex is negatively regulated by Bcl-2 Beclin 1
interaction. Upon autophagy induction by starvation signals,
Bcl-2 disassociates from Beclin 1 and forms the complex
with other elements on the ER membrane. This complex is
effective in the later autophagic events, as the inhibition of
this complex result in the impairment of autophagosome and
lysosome fusion

Ub-like
conjugation
system 1

ATG5
ATG12
ATG16

This complex is necessary for LC3 and
phophatidylethanolamine (PE) conjugation which is
essential for the elongation of the membrane structures

Ub-like
conjugation
system 2

ATG3
ATG4
ATG7
LC3

Deconjugation of LC3 form ATG4 is important for the LC3-
PE formation and the closure of the autophagosome
membrane. Since LC3-PE is localized both in the inner and
the outer membranes of the autophagosome, its formation by
Ub-like conjugation system 2 is important for the adaptor
protein binding, such as p62, for selective autophagy
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activation of Ub like conjugate system 2, which is necessary for phosphatidyletha-
nolamine (PE) conjugation to LC3 (microtubule-associated protein 1A/1B-light
chain 3) protein. The cytosolic form of LC3 is called pro-LC3. Due to the induction
of autophagy, pro-LC3 is cleaved by ATG4, and then the cleaved form of LC3 is
conjugated with PE by the activities of E1-like enzyme ATG7 and E2-like enzyme
ATG3. PE-conjugated LC3 is membrane-bound, and it is present both in the inner
and outer sides of the autophagosome (Nath et al. 2014). Therefore, it not only plays
a role in membrane elongation and closure but also serves as the recognition site for
adaptor proteins such as p62 (Klionsky et al. 2010).

Autophagy at Organ and Tissue Level and Affected Human
Diseases from Their Impairment

Dysregulation of autophagy has been implicated in a range of diseases. Starvation-
induced autophagy impairments mostly cause liver, pancreas, and muscular tissue
disorders (summarized in Fig. 2).

Liver

Basal autophagy is required to maintain liver homeostasis through the clearance of
protein aggregates and damaged mitochondria in order to prevent hepatocyte swell-
ing (Wang et al. 2015). Liver autophagy is mainly controlled by hormones. While
insulin, aminoacids, and glucose inhibit liver autophagy, glucagon activates the
process. Activation of autophagy contributes to lipophagy through fatty acid β-
oxidation, ketone body production, and glucogenesis in the liver. Moreover, liver
autophagy is involved in the control of very-low-density lipoprotein (VLDL) and
plasma glucose concentrations upon nutrient deprivation (Sparks et al. 2013). Since
liver and liver autophagy has an extremely important role in homeostasis, the
impairment of autophagy in this organ causes vital disorders such as alcoholic
liver disease, fatty liver disease, hepatocellular carcinoma (HCC), liver fibrosis,
and viral infection in the liver (Niu et al. 2016).

Alcohol consumption activates autophagy in the liver through the AMPK path-
way in hepatocytes (Wang et al. 2016). Autophagy activation leads to the removal of
lipid droplets and damaged mitochondria, thus preventing cell death. However, if
alcohol consumption becomes chronic, excess amounts of ethanol inhibit hepato-
cellular autophagy by blocking both AMPK activation and vesicular transport that is
required for autophagosome formation (Cho et al. 2017). As a result, the accumu-
lation of aggregated proteins and damaged mitochondria leads to cell death. Addi-
tionally, lipid droplets that cannot be removed through lipophagy causes steatosis
and fatty liver disease.

Hepatitis B and C viruses (HBV and HCV, respectively) require autophagy for
their replication in hepatocytes. The viral proteins activate the PI3K complex and
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trigger autophagosome formation for their benefits (Vescovo et al. 2016). Therefore,
regulation of autophagy in the liver is vital for viral infections that may end up with
HCC.

Pancreas

Pancreatic β-cells are responsible for the storage and release of insulin (Morita et al.
2017). Pancreas autophagy has a significant role in maintaining β-cell homeostasis
by keeping their mass and function properly. Impairment of autophagy results in
dysfunctional β-cell and type-2 diabetes which is characterized by insulin resistance.
In vivo studies in ATG7 -/- mice have revealed that autophagy-defective β-cells
lose their mass and insulin content, which causes suppressive insulin release (Rivera
et al. 2014). Moreover, since autophagy is necessary for the clearance of damaged

Fig. 2 The role of autophagy in liver, pancreas, and muscular tissue disorders. (a) Liver
autophagy is inhibited by glucose, insulin, and amino acids under normal conditions. It is induced
as the cytoprotective mechanism and increased glucagon level which lead to the inhibition of cell
death, steatosis, and the accumulation of protein aggregates. Impaired liver autophagy may result in
alcoholic and fatty liver disease, HCC, liver fibrosis, or viral replication in the liver. (b) Pancreatic
autophagy is activated against insulin resistance to prevent poor β-cell compensation and diabetes.
Since autophagy-defective cells cannot compensate the β-cells, diabetes occurs as a result of insulin
resistance. (c) Muscle autophagy is activated after long-term exercise and maintain muscle cell
homeostasis. Autophagy impairment in the muscular tissue result in macular dystrophy. Key: HCC,
hepatocellular carcinoma
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mitochondria, impaired autophagy in pancreatic β-cells leads to the rise of insulin
resistance and impaired glucose tolerance (Xu et al. 2016).

Muscular Tissue

Similar to other organs, in muscle cells, autophagy is vital for organelle and protein
aggregate clearance. However, excess amount of autophagy activation cause muscle
weight loss. Impaired autophagy was also found as a main reason of malfunctional
and dystrophic muscles after long-term exercise or starvation (Fiacco et al. 2016).

Autophagy is one of the major pathways of muscle homeostasis. It preserve
myofiber integrity and prevents muscle damage. Autophagy impairment has been
reported in several muscle diseases such as inclusion body myopathy with early-
onset Paget disease and frontotemporal dementia (IBMPFD) (Bayraktar et al. 2016),
Pompe Disease (Lim et al. 2017), and Danon Disease (Nascimbeni et al. 2017)
(please see “Dictionary of Terms” section). In ATG7 null muscle cells obtained from
ATG7-/- mice, distension of sarcoplasmic reticulum and random nonfunctional
membrane structure accumulations were demonstrated (Mizushima and Komatsu
2011). All these effects may be the reason for muscular dystrophies which directly
result in patient death due to myofibre necrosis in respiratory and cardiac systems.

Other Human Diseases Affected by Mutations in Starvation-
Induced Autophagy Genes

Emerging molecular techniques and accumulated data about autophagy pathways
allow researchers to carry out specific analyzes. Therefore, the involvement of
autophagy, particularly on the molecular level, in human diseases is an attractive
topic for clinical research. These diseases include asthma, systemic lupus
erythematosus (SLE), Crohn’s disease (CD), several types of cancers, and obesity
(The diseases found to be directly related to the starvation-induced autophagy gene
mutations are listed in Table 2.).

Asthma

Asthma is a common respiratory tract inflammation disease that causes high rates of
death all over the world. Using a mice model, in vivo studies have showed that
autophagy has a role in the clearance of pathogens in canonical ways, as well as its
effect on helper T cell 2 (Th2) activation due to infection. Moreover, polymorphisms
in ATG5 gene result in asthma symptoms in mice models (Martin et al. 2012; Pham
et al. 2016).
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Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune disease that is described by
the self-reaction of the immune system to healthy tissues and organs (Gavand et al.
2017). The pathogenesis of the disease is not clear yet; however, 50% of patients are
affected genetically. In the Chinese population, rare variants ATG5 were shown to be
linked to SLE. In other words, one of the reasons for SLE disease is ATG5
polymorphism (Zhou et al. 2011). Therefore, autophagy proteins could be a potential
therapeutic target for SLE treatment.

Crohn’s Disease

Crohn’s disease (CD) is an inflammatory bowel disease characterized by multiple
gastrointestinal pathology from mouth to anus (Stappenbeck et al. 2011). However,
it is not classified as an autoimmune disease; it is an immune system disorder.
Although genetic and environmental factors, infections, and defective autophagy
are reported in CD, the causal etiologic factors are still unknown. Analyzing 735 CD
patients’ genotypes in comparison to healthy controls showed that the T300A
mutation of ATG16 protein is responsible for Crohn’s disease (Massey and Parkes
2007). However, it is not the only reason for CD.

Cancer

Genetic link between cancer and autophagy has been shown in various cancer types,
including human breast, prostate, colorectal, and ovarian cancer (Sumis et al. 2016).

Table 2 Known human diseases affected by mutations in starvation-induced autophagy
genes. Impairments of starvation-induced autophagy resulted from ATG5 polymorphism,
ATG16L T300A mutation, Beclin1 monoallelic deletion, mutations in PI3K and TSC1, or loss of
ATG7 are the known causes of human diseases such as asthma, systemic lupus erythematosus,
several types of cancer, and obesity. Key: ATG5, 7, and 16L, autophagy-related proteins 5, 7 and 16
like 1; T300A, threonine300 mutation to alanine; PI3K, phosphatidylinositol 3 kinase; TSC1,
tuberous sclerosis complex 1

Mutation Associated human disease

ATG5 polymorphism Asthma (Martin et al. 2012), systemic lupus erythematosus
(Zhou et al. 2011)

ATG16L T300A mutation Crohn’s disease (Massey and Parkes 2007)

Beclin 1 monoallelic deletion Breast, ovarian, colorectal, and prostate cancers (Liang et al.
1999)

Gain of function mutations in
PI3K

Cancer (Cully et al. 2006)

TSC1 mutation Benign hamartomatous growths in multiple organs (Schwartz et
al. 2007)

Loss of ATG7 Obesity (Yang et al. 2010)
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Most of the studies have showed that Beclin 1 gene is monoallelically deleted in
most of the cancer types (Liang et al. 1999). Also, PI3K mutations cause tumor
formation and TSC1 mutation leads to benign hamartomatous growths in multiple
organs (Cully et al. 2006; Schwartz et al. 2007). As an evident to anticancer effect of
autophagy, several studies have reported that the overexpression of ATG genes in
cancer cells lead to tumor suppression (Wesselborg and Stork 2015). Although,
autophagy is indeed a tumor suppressor pathway, the mechanisms and molecules
playing part behind it remain largely unclear.

Obesity

Obesity is the medical condition, in which the body’s fat rate is too much that
negatively affects the body health (Yilmaz 2017). It is an excess amount of energy
flow which disrupts the energy sensing and the utilizing mechanisms of the body.
The role of autophagy in obesity was first studied in mice hepatocytes (Yang et al.
2010). In the study, obese mice hepatocytes represent low levels of ATG7 expres-
sion, while the restoration of ATG7 resulted in elevated insulin levels (Zhang et al.
2009). However, it is known that environmental conditions trigger tendency to
obesity, which seems to lead autophagy impairments.

Policies and Protocols

Measuring autophagic activity at cellular level is crucial to identify therapeutic
targets for diseases affected by autophagy impairments. In order to detect autophagy
activation or inhibition, several molecular techniques are developed based on immu-
noblotting, immunofluorescence, or isotope release as described in Table 3.

Detection of autophagosomes and autolysosomes by electron microscopy can be
used as a conventional autophagy procedure. By using immunoblotting technique,
the conversion of cytosolic nonlipidated LC3-I into membrane-bound lipidated form
of LC3-II is commonly used for analyzing autophagy induction. However, LC3 is
not the direct target of autophagy, as it is degraded in autolysosomes after long-term
autophagy. Therefore, LC3 turnover assay is carried out using autophagy inhibitors
in order to estimate the level of LC3 protein degradation. Similarly, the GFP-tagged
LC3 protein is overexpressed in mammalian cells and the amount of generated free
GFP protein can be measured for autophagic activity estimation.

By using immunofluorescence, counting the average number of GFP-LC3 punc-
tate structures on the autophagosome membranes or endogenous LC3 protein are
other well-known autophagy techniques. RFP-GFP LC3 protein construct can be
used to distinguish the number of autophagosomes and autolysosomes, since GFP
signal is quenched by the acidic environment of autolysosomes.

Lastly, long-lived protein degradation can be measured by tracing the radioactive
isotope released from the cells indicating active autophagy state.
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Dictionary of Terms

• Cellular stress – Anything that creates a challenge or a constraint to cell health.
Cellular stress can be intrinsic, such as DNA damage, misfolded protein accu-
mulation, and damaged organelles; or extrinsic, such as starvation, toxins, path-
ogens, toxins, heat, etc.

• Danon disease – An X-linked glucagon storage disorder that is characterized by
weakened skeletal and cardiac muscle combined with mental retardation.

• Glucagon – The hormone that is produced and secreted by pancreatic α-cells. Its
role is opposite to insulin, as it increases the glucose levels in the blood.

• Glucogenesis – The production of glucose by the breakdown of glycogen that is
stored in the liver.

• Homeostasis – Disposition of a physiological system to preserve its internal
stability and to keep vital functions active

• IBMPFD – Inclusion body myopathy with early-onset Paget disease and
frontotemporal dementia, which is a rare multisystem disease characterized by
the weakness of muscles and bones in combination to intellectual disability.

• Insulin – The hormone that is produced in pancreatic β-cells and secreted into
blood stream where it meets with glucose and enables it to enter the cells where
needed. If glucose level is higher than needed in the blood, pancreatic β-cells
produce and secrete more insulin in order to store the excess amount of glucose.
Therefore, insulin is the key hormone that keeps blood sugar level stable.

• Insulin resistance – The pathological condition in which the cells do not
recognize insulin and the blood sugar cannot be utilized by the cells. As a result
of insulin resistance, the blood sugar level gets higher than the normal.

• Ketone bodies – The water-soluble molecules that are produced in the liver, as
the end product of fatty acid oxidation due to energy limitation in the body. There
are two main types of ketone bodies: acetoacetate and 3-beta-hydroxybutyrate

Table 3 Protocols for detecting autophagy in mammalian cells. Immunoblotting, immunoflu-
orescence, and isotope release are the three main protocols for detecting autophagy in mammalian
cells. LC3 conversion, LC3 turnover, and GFP-LC3 cleavage tests can be carried out and the
amount of p62 in the cell can be detected by using immunoblotting procedures. Number of LC3
puncta/cell, RFP-GFP LC3 color change, and the amount of p62 in the cell can be measured by
using immunofluorescence techniques; while lysosome-dependent long-lived protein degradation
tests can be carried out by using isotope release protocols. Key: LC3, microtubule-associated
protein 1 light chain 3; GFP, green fluorescent protein; RFP, red fluorescent protein

Immunoblotting Immunofluorescence Isotope release

1. LC3 conversion
2. LC3 turnover
3. Amount of p62 in
the cell
4. GFP-LC3 cleavage

1. Number of LC3
puncta/cell
2. Amount of p62 in the
cell
3. RFP-GFP LC3 color
change

1. Lysosome-dependent long-lived protein
degradation
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and the spontaneous breakdown product of them is acetone which can be counted
as the third type of ketone bodies that are present in the blood.

• Lipolysis – Breakdown of lipid molecules by the hydrolysis of triglycerides to
free fatty acids and glycerol.

• Pompe disease – A genetically inherited glucose storage disorder that result in
the accumulation of glycogen in muscle cells disabling them to function normally.

• Proteolysis – Breakdown of proteins into aminoacids or smaller aminoacids by
protease enzyme activity.

Summary Points

• This chapter focuses on the recent findings about autophagy mechanism and its
role in the body response to the starvation as well as the current knowledge of
autophagy-related malnutrition disorders.

• Autophagy is a cellular degradation pathway that deliver cytoplasmic compo-
nents such as damaged organelles, misfolded proteins, and pathogens to the
lysosomes.

• Autophagy is associated to the survival of the cell under stress conditions and
infections. The role of autophagy in cell survival is summarized in Fig. 3.

Fig. 3 The role of autophagy in cell survival. (Left) Autophagy acts as a survival mechanism of
the cell supporting the cellular adaptation under stress conditions by nutrient recycling and cellular
remodeling; (Right) impaired autophagy result in the rapid cell death since apoptotic pathway
cannot be inhibited
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• Nutrient deprivation is one of the main inducers of autophagy that recycle
cytoplasmic components to provide building blocks required for cell survival
and maintain cellular homeostasis

• Autophagic responses are necessary for resisting diseases and maintaining health.
• Understanding the regulation of autophagic responses in mammalian cells are

required for improving human health by innovations in treatment strategies.
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