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ABSTRACT
Macroautophagy (autophagy) meaning self-eating is an evolutionary conserved intracellular degradation pathway, during 
which autophagosomes envelop bulk cytosol, unwanted or damaged organelles and misfolded proteins to handle them to the 
lysosomes for breakdown. There are many types of autophagy, which differ mainly in the site of cargo sequestration and in 
the type of cargo itself. The process of autophagy is a model in which autophagic vesicles develop into mature degradative 
autophagolysosomes in a series of distinguished steps namely: initiation, nucleation, expansion, maturation then finally 
degradation. The discovery of definitive biological markers for autophagy by the Japanese, Nobel Prize-awarded cell biologist 
Yoshinori Ohsumi  and the advances in visualizing techniques enabled further insight of this vital process. Autophagy takes 
place at a low basal level constitutively, and can be potently induced by various types of stress conditions, such as starvation, 
hypoxia, pathogen invasion, and exercise. The functional relationship between apoptosis and autophagy is complex. Under 
certain circumstances, autophagy constitutes a stress adaptation that avoids cell death (and suppresses apoptosis), whereas 
in other cellular events, it constitutes an alternative cell-death pathway. Recently, autophagy dysfunction is linked to severe 
diseases such as neurodegeneration and cancer. Control of autophagy promises to facilitate the development of therapeutic and 
preventive measures for these morbid diseases for the well-being of mankind.
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HISTORICAL BACKGROUND                                      

Christian de Duve and his team discovered and 
characterized lysosomes in 1955(1) then defined 
peroxisomes in 1965(2). The so-called “dense bodies” 
were identified during attempts to purify lysosomes. 
They were charaterized as compartments similar to, but 
distinct from, lysosomes and they were named autophagic 
vacuoles (autophagosomes) also by De Duve in 1962.  
One of the first clues to their degradative capacity was the 
detection of dense, amorphous material and even whole 
organelles within these vacuoles(3).

In the early 1990’s, almost 30 years after de Duve 
came up with the term autophagy, the process was still 
a biological ambiguity. Molecular markers were not 
available yet and ultimately components of the autophagy 
machinery were out of reach. Many fundamental questions 
remained unanswered: How was the autophagy process 
launched? How was the autophagosome established? 
How important was autophagy for cellular well being? 
Did autophagy have any impact in human disease 
pathogenesis?

In 1992 a Japanese cell biologist ,Yoshinori Ohsumi, 
and his colleagues discovered that fortunately autophagy 
takes place in yeast. Using light microscopy, they noticed 
a few hours after starving protease-deficient yeast mutants 

of nutrients, that the vacuole (which functions like 
mammalian lysosome) was filled with vesicles containing 
parts of cytoplasm(4). This has triggered studying the 
molecular biology of the autophagic machinery and 
identifying the participating key proteins. In an article 
published in FEBS Letters in 1993, Ohsumi reported his 
discovery of as many as 15 genes that are critical for the 
activation of autophagy in eukaryotic cells(5).

Ohsumi and his team were the first to identify 
mammalian homologues of the yeast ATG genes, which 
allowed studies on the function of autophagy in higher 
eukaryotes. Shortly, genetic studies revealed that mice 
lacking the Atg5 gene are apparently normal at birth, 
but die during the first day of life due to inability to cope 
with the starvation that precedes feeding(6). Studies of 
knockout mouse models lacking different components of 
the autophagy machinery have confirmed the importance 
of the process in a variety of mammalian tissues(7).

 An important first remark into the role of autophagy 
in disease came from the observation that Beclin-1, 
the product of the BECN1 gene, is mutated in a large 
proportion of human breast and ovarian cancers. BECN1 
is a homolog of yeast ATG6 that regulates steps in the 
initiation of autophagy. This finding generated growing 
interest in the role of autophagy in cancer initiation(8).
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After the persistent hard work for three decades, the 
2016 Nobel Prize in Physiology or Medicine was duly 
awarded to Yoshinori Ohsumi for his discoveries of 
mechanisms for autophagy that paved the way to other 
scientists to explore furtherly this field(9).

INTRODUCTION                                                                

Macroautophagy (autophagy) meaning self-eating 
is an evolutionary conserved intracellular degradation 
pathway, during which autophagosomes envelop bulk 
cytosol, unwanted or damaged organelles and misfolded 
proteins to handle them to the lysosomes for breakdown. 
The process is a major component in mammalian 
cell metabolism, homeostasis, differentiation and 
development, tissue remodeling, survival, in addition 
to protein and organelle quality control(10). Autophagy 
basically enables cells to survive stress from the external 
environment, such as nutrient deprivation, as well as 
internal stresses like accumulation of damaged organelles 
and pathogen invasion(11). 

Autophagy is characterized by formation of 
autophagosomes, which are intracytoplasmic organelles 
enclosed by two or more membranes. Autophagosomes 
engulf damaged materials and degrade them. They 
dock with lysosomes, and the resulting autolysosome 
utilizes lysosomal enzymes to digest the contents of the 
autophagic vacuoles(12).

Fig. (1): Transmission electron micrograph showing a double membrane 
autophagosome (arrows) sequestering mitochondria (mt), rough 
endoplasmic reticulum (rER) and small amount of cytoplasm(13).

In addition, autophagy has been recently addressed as 
an important cellular activity for protecting stem cells from 
damage by intrinsic or extrinsic factors during aging, tissue 
regeneration, and cellular reprogramming(14&15). As many 
normal types of cells require a certain well-controlled level 
of autophagy, any condition exceeding the capability of 
a cell to control can trigger a specific killing machinery: 
autophagic cell death(16). 

TYPES OF AUTOPHAGY                                                  

There are many types of autophagy, which differ 

mainly in the site of cargo sequestration and in the type of 
cargo itself(17). 

Considering the site of cargo sequestration, the 
following types can be found:

1.	 Macroautophagy: cytoplasm is sequestered 
nonspecifically within cytosolic vesicles to be 
degraded in the lysosome releasing the resulting 
macromolecules back into the cytosol for reuse.

2.	 Microautophagy: involves direct uptake at the 
surface of the lysosome/vacuole, where the limiting 
membrane sequesters cytoplasm by invagination, 
protrusion and/or septation.

3.	 Chaperone-mediated autophagy: involves 
direct translocation of unfolded proteins across 
the lysosome membrane through receptor-driven 
degradative pathway the action of the cytosolic 
and lysosomal chaperone hsc70, and the lysosomal 
membrane protein LAMP-2A 

4.	 Micro- and macropexophagy: specific autophagic 
removal of peroxisomes,

5.	 Piecemeal microautophagy: of the nucleus which 
is a specific type of autophagy

6.	 The cytoplasm-to-vacuole targeting (Cvt) 
pathway: it is a biosynthetic method of delivery 
for at least 2 vacuolar hydrolases.

Fig. (2): A Diagram representing the different types of autophagy 
according to the site of cargo sequestration(18).

According to the type of cargo inside the autophagosome 
the following different forms of autophagy can be 
recognized as:

1.	 "In bulk" Autophagy:  contain proteins and 
organelles.

2.	 Mitophagy: contain mitochondria.

3.	 Ribophagy: contain ribosomes.

4.	 Pexophagy: contain peroxisomes.



3

Sahar

5.	 Endophagy: contain endoplasmic reticulum.

6.	 Lipophagy: contain lipid droplets.

7.	 Glycophagy: contain glycogen granules.

8.	 Aggrephagy: contain protein aggregates.

9.	 Allophagy:  contain spermatozoid-inherited 
organelles after fertilization.

10.	 Xenophagy: contain intracellular pathogen.

Fig. (3): Forms of autophagy according to cargo type(19).

At present, it is known that autophagy occurs at a basal 
level mainly for energy supply. On the other hand, in many 
cell types it is also an inducible process. So the control 
of autophagic induction is important for defense against 
extracellular pathogens as well.  Although autophagy is 
generally considered to be nonspecific process,  yet there 
are various examples of specific types of autophagy(8).

MECHANISM OF AUTOPHAGY                                                 

The process of autophagy is a model in which AVs 
develop into mature degradative autophagolysosomes in a 
series of distinguished steps(20-21) as follows: 

1.	 Initiation of autophagy: it is achieved by formation 
of a supramolecular protein complex resulting 
from the linkage of many Atg1 complexes (dimers 
of pentameres) to each other by Atg13 as illustrated 
in fig. 4(A).

2.	 Nucleation: Initial isolation membrane 
(phagophore) will be formed facing the cargo to 
be degraded.

3.	 Expansion: where this membrane expands and 

elongates and the two ends merge into an AV [fig. 
4(B)].

4.	 Maturation: Amphisome formation: resulting from 
fusion of the AV and an endosome or multivesicular 
body. The amphisome then acidifies to activate the 
hydrolytic enzymes after fusion with the lysosome 
in the next step. 

5.	 Degradation: Fusion with lysosome where 
hydrolases start the breakdown of the   inner 
membrane of the autophagosome together with the 
contents and the resulting molecules will diffuse 
back to the cytoplasm for further use [fig. 4(C)].

Fig. (4): Stages of autophagy. A) Initiation complex formation: Atg13 
(red) links Atg1 (blue) and two Atg17s (green) to each other, thereby 
promoting formation of the giant complex. (B) Formation of the 
initial isolation membrane through the recruitment of Atg9 vesicles 
and Atg factors including Atg9. (C) Expansion and maturation of the 
autophagosome followed by fusion with the lysosome for degradation (22). 

One ambiguity that remained unsolved for decades was 
which membrane in the cell gives rise to phagophores??? 
Early studies provided evidence supporting both the Golgi 
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and the endoplasmic reticulum (ER), as well as an area 
of the cell termed GERL (Golgi endoplasmic reticulum 
lysosomes), to be the source of the AV membrane(23). More 
recent studies indicated that autophagic vesicles might 
be formed de novo through nucleation, assembly and 
elongation of small membrane structures(24). However, in 
2010 another team used fluorescently-labeled proteins to 
study the origin of phagophores. They observed that the 
outer mitochondrial membrane was the membrane source 
with some contribution from the endoplasmic reticulum(25). 
Currently it is generally accepted to be derived from the 
endoplasmic reticulum (ER) in a specialized region known 
as the omegasome(26) as illustrated in the following diagram 
(Fig. 5).

Fig. (5): A diagram showing the "Omegasome" which is the mostly 
accepted origin of the initial membrane(27). 

AUTOPHAGY VERSUS APOPTOSIS                                       

Since 1972 when Kerr and his associates(28) published 
their valuable work and discussed the term 'apoptosis' 
which has long been used as a synonym for programmed 
cell death. In their article, the authors classified cell death 
into two groups: apoptosis, signified the genetically 
controlled programmed cell death, and necrosis, described 
the passive or accidental type of cell death. However, in 
1990 Clarke(29) furtherly highlighted that there are two 
types of programmed cell death in mammalian cells 
namely: apoptotic and autophagic.

Apoptotic cell death is proceeded by cell shrinkage, 
chromatin condensation, nucleosomal DNA degradation 
and fragmentation of the cell into so-called 'apoptotic 
bodies'. These characteristic morphological features 
result from activation of the caspase family of cysteine 
proteases. The remnants of the cell are removed by the 
lysosomes of professional phagocytes or neighboring cells 
after heterophagocytosis. On the other hand, autophagic 
cell death is characterized by the appearance of double- 
or multiple-membrane cytoplasmic vesicles engulfing 
bulk cytoplasm and/or cytoplasmic organelles such as 
mitochondria and endoplasmic reticulum. Autophagic 
vesicles and their contents are destroyed by the lysosomal 
system of the same cell(30).

The functional relationship between apoptosis and 
autophagy is complex in the sense that, under certain 
circumstances, autophagy constitutes a stress adaptation 
that avoids cell death (and suppresses apoptosis), whereas 

in other cellular settings, it constitutes an alternative cell-
death pathway. Moreover, autophagy and apoptosis may 
be triggered by common upstream signals, and sometimes 
this results in combined autophagy and apoptosis; in other 
instances, the cell switches between the two responses 
in a mutually exclusive manner. On a molecular level, 
this means that the apoptotic and autophagic response 
machineries share common pathways that either link or 
polarize the cellular responses(31).

ASSESSMENT AND VISUALIZATION OF 
AUTOPHAGY

1.	 Transmission Electron Microscopy:  Autophagy 
was originally described using electron microscopy 
more than 50 years ago, when electron microscopy 
and sample preparation methods for biological 
materials had just emerged(32). Despite the 
enormous developments in different methods for 
the monitoring of autophagy in cells and animals, 
transmission electron microscopy is still needed 
and can give both qualitative and quantitative 
information. The autophagosome is recognizable 
by transmission electron microscopy because of its 
characteristic double-walled  membrane.

Fig. (6): An electron micrograph showing a mitochondrion inside a 
double   membrane autophagosome (Mitophagy)(33).

However, interpreting electron microscopic data is 
subjective, especially distinguishing autophagosomes 
and autolysosomes, and even differentiating autophagic 
vacuoles from endocytic/phagocytic compartments. In 
addition, It is difficult to assess and compare the size 
of autophagic vacuole.  Another drawback of electron 
microscopy is its static nature, making it very difficult to 
follow what is really a highly dynamic process(34). 

Recent generation electron microscopy targets 
increasing resolution and insight into autophagosome 
formation in cells based on  advances in cryo-EM 
tomography and focused ion beam-scanning electron 
microscopy (FIB-SEM)(35).  These techniques are likely 
to provide high resolution three-dimensional images of 
autophagic compartments that are free of artifacts caused 
by chemical fixation(36).
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2.	 Immunofluorescence staining using primary 
antibodies for autophagy widely used markers as 
LC3B or P62 that are labeled with a fluorochrome. 
Within the double membrane resides a microtubule-
associated protein called light chain 3 (LC3), a 
mammalian homolog of yeast autophagy-related 
protein 8 (Atg8)(37). sequestosome1 (SQSTM1) or 
P62 is one of the best studied autophagy receptors 
involved in elimination of ubiqutinated protein 
aggregates and bacteria. the degree of autophagy 
can be assessed by enumeration of autophagosome 
formation by techniques such as laser scanning 
confocal microscopy as in figs 7 and 8(38).

Fig. (7): Autophagosomes resident within the clustered cells and 
individual puncta are clearly visible in the cytoplasm of individual cells(39).

Fig. (8): Laser scanning confocal microscopy photomicrographs showing 
reconstruction of 3D images. Green signals represent LC3B protein in the 
membranes of autophagosomes(40). 

3.	 Immunohistochemistry using primary antibodies 
for autophagy markers as LC3B or P62 proved to 
be a reliable tool recruiting light microscopy(41).

Fig. (9): Immunohistochemical staining for LC3B (J) and P62 (L)  in lung 
carcinoma showing dot like pattern (puncta) of autophagy(42).

4.	 Biochemical measurements such as the 
degradation of long-lived proteins as an indicator 
of autophagy activity are in use. This approach 
is based on the principle of radiolabeling long-
lived proteins with radioactive amino acids, such 
as [14C]-leucine, [3H]-leucine, [ 14C]-valine, or 
[35S]-methionine [31], before inducing autophagy 
and measuring the release of radioactivity from the 
labeled proteins, which reflects an activity of this 
pathway. Monodansylcadaverine (MDC) has been 
widely used as a specific marker for autophagic 
vacuoles, since it was shown to accumulate in 
acidic compartments enriched in lipids. A neutral 
derivative, monodansylpentane, was synthesized 
and this has been suggested to locate more 
exclusively into double-membraned structures(43).

5.	 Western Blot-Based Assays for LC3 Lipidation. 
Currently, the analysis of LC3 lipidation by 
Western blot is the most appropriate method to 
assess changes in autophagy in most cell lines(43). 

6.	 Flow Cytometry and Imaging Flow Cytometry 
Both techniques can be employed as a high-content 
analysis method to measure autophagic flux in 
living cells, especially if those do not adhere to 
surface, e.g., blood cells(43).

Fig. (10):  Two charts for assessment of the autophagy marker LC3B 
using two different techniques: (A)Western blotting(44) and (B) flow 
cytometry(45). 
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AUTOPHAGY DYSFUNCTION                                             

Since autophagy dysfunction is linked to severe 
diseases such as neurodegeneration and cancer, the 
artificial control of autophagy promises to facilitate the 
development of therapeutic and preventive treatment for 
these severe diseases. Moreover, when point mutations that 
impair the formation of giant complex were introduced to 
Atg13, association of the autophagy initiation machinery 
was completely blocked(43).

Autophagy occurs at a low basal level constitutively, 
and can be potently induced by various types of stress 
conditions, such as starvation, hypoxia, pathogen invasion, 
and exercise. Suppression of basal or stress-induced 
autophagy has been linked to a variety of pathological 
conditions, including tumorigenesis, neurodegeneration, 
inflammation, and metabolic diseases. Conversely, 
upregulation of autophagy has been suggested to be 
beneficial in preventing pathogenesis of many diseases. 
Hence, pharmacological strategies to activate autophagy 
have been recently studied, which were based on screens 
for autophagy inducers from small-molecule libraries or 
FDA-approved drug pools(46).

Aging is a continuous physiological process affecting 
all the body cells and have a very strong impact on their 
performance. The homeostatic functions of autophagy 
with respect to turnover of long-lived proteins and removal 
of damaged organelles and cellular debris are believed 
to constitute an antiaging process(47). Apparently, caloric 
restriction may represent a mechanism for reversing the 
age-dependent decline in autophagy(48).

Neurodegenerative diseases are age-dependent 
hereditary or sporadic disorders that are manifested by 
progressive loss of neural function. Common features in 
their pathogenesis are mitochondrial dysfunction and the 
accumulation of protein aggregates as a result of mutation 
and impaired clearance mechanisms(49). Autophagy is 
dysregulated in neurodegenerative disorders however, 
Pharmacologic stimulation of autophagy can alleviate 
symptoms related to neurodegeneration in mouse 
models(50). 

For example, in the brains of persons with Alzheimer’s 
disease, the accumulation of autophagosomes containing 
hyperphosphorylated forms of microtubule-associated 
protein tau, leading to the formation of neurofibrillary 
tangles is accelerated(51) or impaired autophagosome–
lysosome fusion(52). Huntington’s disease involve the 
accumulation of mutant proteins with polyglutamine-rich 
extensions due to  autophagosomal cargo recognition or 
sequestration of essential autophagy proteins in mhtt 
aggregates(53). 

The involvement of mitochondrial dysfunction in 
neurodegeneration is exemplified by Parkinson’s disease. 
where the mobilization of dysfunctional mitochondria to 
the autophagosome for turnover is impaired. Mutations 
in PINK1 and PARK2 (the genes that encode PINK1 
and parkin, respectively) result in recessive familial 

forms of human Parkinson’s disease and correlate with 
mitochondrial dysfunction in mouse models(54). Thus, 
autophagy appears to represent an initial adaptive response 
in neurodegeneration, subject to inhibition by pathologic 
accumulation of substrates, which may represent a 
failed repair mechanism that also contributes to disease 
progression. 

In case of  infectious diseases, autophagy  contributes 
to the regulation and function of innate and adaptive 
immune responses. Several medically important human 
pathogens are degraded in vitro by xenophagy, including 
bacteria (e.g., group A streptococcus, Mycobacterium 
tuberculosis, Shigella flexneri, Salmonella enterica, Listeria 
monocytogenes, and Francisella tularensis), viruses such 
as herpes simplex virus type 1 (HSV-1) and chikungunya 
virus, and parasites such as Toxoplasma gondii.  Autophagy 
genes have been shown to play a protective role in vivo 
against many of these pathogens(55). 

It has been found that macrophage-specific deletion 
of Atg5 in mice increases their susceptibility to M. 
tuberculosis infection. Thus, pharmacologic up-regulation 
of autophagy, enhancement of strategies to target 
intracellular pathogens to autophagosomes, and inhibition 
of microbial virulence factors that block host autophagy 
defenses may represent novel strategies for the treatment 
of certain infectious diseases(46). Notably, vitamin D and 
sirolimus (formerly called rapamycin) inhibit replication of 
the human immunodeficiency virus and of M. tuberculosis 
in human macrophages through an autophagy-dependent 
mechanism. Furthermore, the antimycobacterial action 
of standard antituberculosis agents is associated with 
induction of autophagy(56). Thus, the augmentation of 
autophagy-dependent adaptive immune responses may be 
beneficial in vaccine development.  An increasing number 
of genetic links have been identified between autophagy 
genes and susceptibility to infectious and inflammatory 
diseases(57).

Divergent roles of autophagy have been reported 
in pulmonary diseases associated with declining lung 
function. Notably, increased autophagy was associated 
with a propathogenic and proapoptotic phenotype in 
chronic obstructive pulmonary disease (COPD), which 
results from chronic exposure to cigarette smoke. The 
expression of LC3B-II and autophagosome formation are 
increased in lung tissue from those patients. In animals 
subjected to long-term inhalation of cigarette smoke, a 
genetic deficiency in LC3B was associated with resistance 
to emphysema(58). Mechanistic studies have linked 
increased autophagic activity with enhanced epithelial-cell 
apoptosis during exposure to cigarette smoke. However, 
alveolar macrophages isolated from human smokers 
without COPD showed evidence of impaired autophagic 
activity and the accumulation of substrates(59). Genetic 
deficiency of α1-antitrypsin causes pulmonary emphysema 
and hepatic dysfunction, which are associated with 
pathologic accumulation of mutant α1-antitrypsin. Like 
other disorders of protein aggregation, autophagy may act 
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as a clearance mechanism in this disease(60). 

Lung tissue isolated from patients with pulmonary 
hypertension, including those with idiopathic pulmonary 
arterial hypertension, have increased LC3B activation and 
autophagosome formation, as compared with lung tissue 
from patients without pulmonary vascular disease. A 
recent preclinical study suggests that impaired clearance 
of aggregated protein (aggrephagy) is the pathogenic 
mechanism in cystic fibrosis, a genetic disorder caused by 
mutation in the cystic fibrosis transmembrane conductance 
regulator (CFTR). Thus, therapeutic interventions aimed at 
correcting deficiencies in autophagy may be useful in these 
diseases(61). 

Relatively little is known about the role of autophagy in 
asthma, which involves abnormal inflammatory responses 
of the airways to allergens. Increased autophagosomes have 
been noted in bronchial-biopsy specimens from patients 
with asthma,15 and ATG5 expression is elevated in nasal-
biopsy specimens from children with asthma.16 Intronic 
SNPs of ATG5 have been associated with an increased 
incidence of asthma and a decline in lung function in cohort 
studies of adults  and with deterioration of lung function in 
children with asthma(62).

Metabolic activity is also affected by autophagy as 
it regenerates and releases amino acids, lipids, and other 
metabolic precursors. Genetic deletion of autophagy 
proteins promotes the storage of triglycerides in lipid 
droplets in the liver, suggesting that autophagy acts as 
a regulator of lipid metabolism and storage. Specific 
mutations have been linked to Paget’s disease, a disorder 
of bone metabolism(63).

During exercise, autophagy is increased in cardiac and 
skeletal muscle, adipose tissue, and pancreatic beta cells. 
In mice, exercise-induced autophagy provides protection 
against glucose intolerance associated with a high-fat diet. 
Hepatic autophagy is down-regulated in the liver in mouse 
models of obesity and insulin resistance(64). In contrast, 
adipose-specific deletion of autophagy proteins leads to 
altered homeostasis and differentiation of adipose tissue 
and promotes insulin sensitivity(65). 

Modulations in autophagy have been associated 
with diseases of the heart, including cardiomyopathies, 
cardiac hypertrophy, ischemic heart disease, heart failure, 
and ischemia–reperfusion injury(66). Genetic X-linked 
deficiency in lysosome-associated membrane protein 2 
(LAMP2), which assists in autophagosome–lysosome 
fusion, causes cardiomyopathy known as Danon’s 
disease(67). In patients with this disease, cardiomyocytes 
with evidence of mitochondrial dysfunction have an 
increased number of autophagosomes, as does cardiac 
tissue from patients with heart failure. In a mouse model of 
desmin-related cardiomyopathy, autophagic activity was 
shown to provide cardioprotection(68). 

Experimental ischemia–reperfusion injury also 
causes morphologic indicators of autophagy to increase 
in response to stress signals, including depleted ATP, 

hypoxia, and altered Ca2+ balance and may play various 
roles, depending on the phase of the injury(69). Increased 
numbers of autophagosomes are evident in macrophages 
from atherosclerotic plaques. Autophagy may stabilize 
atherosclerotic plaques by preventing macrophage 
apoptosis and plaque necrosis and by preserving 
efferocytosis(70).

AUTOPHAGY AND CANCER                                             

Cancer develops when molecular pathways that control 
cellular proliferation and/or programmed cell death are 
subjected to genetic deregulations. The contribution of loss 
of type I apoptotic responses to cancer formation is now 
well established and has been extensively analyzed at the 
molecular level over recent years(71). Interestingly, a tight 
correlation between reduced autophagy and cancer has 
been documented in the past, and recent work indicates that 
several proteins and pathways that are related to autophagy 
signaling are being deregulated during malignant 
transformation, resulting in reduced autophagic activity. 
In other words, the downregulation of autophagic activity 
in malignant cells suggests that a failure in autophagy 
signaling may be instrumental in cancer formation, and 
that autophagy may function under certain circumstances 
as a safeguard mechanism that restricts uncontrolled cell 
growth(72). 

Yet, the mechanisms by which the reduced autophagy 
contributes to cancer etiology could be interpreted in 
different ways. They may reflect the advantage provided 
by the breakdown of type II autophagic cell death in 
cases where this process operates to eliminate cells when 
necessary(73). Alternatively, reduced autophagy may 
increase the proliferative capacity of cells by different 
mechanisms. Another point to be considered with respect 
to autophagy/cancer relationship is the observation that 
some malignant cell types respond to anticancer agents 
by triggering autophagy, indicating the potential utility of 
autophagic cell death induction in cancer therapy(74). 

AUTOPHAGY CONTROL; A NEW THERAPEUTIC 
HORIZON                                                                            

Current therapeutic targeting of autophagy in human 
disease is limited by an incomplete understanding of 
how the process contributes to pathogenesis, the lack of 
specificity of compounds that can influence autophagy, 
and the limited availability of candidate therapeutics with 
clinical efficacy. Pharmacologic enhancement of autophagy 
(i.e., with vitamin D or adenosine 5′-monophosphate–
activated protein kinase [AMPK] activators) promises to 
benefit certain diseases(75). 

Current clinical trials are questioning the usefulness 
of autophagy as a target in disease. Chloroquine and its 
derivative, hydroxychloroquine, are being tested for 
enhancement of chemotherapeutic efficacy. The design 
of therapeutic agents is complicated by the fact that many 
autophagy proteins, as well as pharmacologic inhibitors 
including chloroquine, may also affect biologic processes 
independently of autophagy activation(76).  
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An improved understanding of the mechanisms by 
which autophagy can prevent pathogenesis may lead to 
the identification of new targets for both diagnostic and 
therapeutic purposes. Drug screening for agonists or 
antagonists of autophagic activity, including upstream 
regulators and downstream targets of autophagy, may 
yield additional therapeutic targets. If the advances in 
autophagy continue at an accelerated pace, agents acting 
on autophagy may eventually provide useful therapies for 
human diseases(77).
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