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    Abstract  

  The infl ammatory response is an energy-intensive process. Consequently, 
metabolism is closely associated with immune function. The autophagy 
machinery plays a role in metabolism by providing energy but may also be 
used to attack invading pathogens (xenophagy). The autophagy machinery 
may function to protect against not only the threats of infection but also the 
threats of the host’s own response acting on the central immunological toler-
ance and the negative regulation of innate and infl ammatory signaling. The 
balance between too little and too much autophagy is critical for the survival 
of immune cells because autophagy is linked to type 2-cell death pro-
grammed necrosis and apoptosis. Changes in infl ammatory cells are driven 
by extracellular signals; however, the mechanisms by which cytokines medi-
ate autophagy regulation and govern immune cell function remain unknown. 
Certain cytokines increase autophagy, whereas others inhibit autophagy. 
The relationship between autophagy and infl ammation is also important in 
the pathogenesis of metabolic, non-communicable  diseases. Infl ammation 
 per se  is not the cause of obesity-associated  diseases, but it is secondary to 
both the positive energy balance and the  specifi c cellular responses. In meta-
bolic tissues, the suppression of autophagy increases infl ammation with the 
overexpression of cytokines, resulting in an activation of autophagy. The 
physiological role of these apparently contradictory fi ndings remains uncer-
tain but exemplifi es future challenges in the therapeutic modulation of 
autophagy in the management of disease.  
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6.1         Basic Concepts 
and Background 

 Disturbances in the normal function of cells 
( cellular stress) result in the accumulation of 
damaged molecules and dysfunctional organelles 
that may be deleterious. To mitigate this damage, 
cells clean up the accumulated end products 
using the following two major systems: the ubiq-
uitin proteasome system and the autophagy (from 
the Greek for “self-digestion” or “self-eating”) 
lysosome system. The key elements in the recog-
nition and processing of ubiquitin-protein conju-
gates have been recently summarized [ 1 ], but the 
exact mechanisms by which cells regulate 
 self- cannibalism are still under investigation. 
Chaperone-mediated autophagy, microautoph-
agy, and macroautophagy (hereafter referred to 
as autophagy) are currently considered distinc-
tive forms [ 2 ] (Fig.  6.1 ). Each form differs from 
the others in its physiological functions and the 
mode and nature of cargo delivery.

   The overall process of autophagy can be sep-
arated into the following seven discrete steps: 
induction or selection/packaging of cargo, 
nucleation, vesicle expansion, completion, 
fusion, degradation, and export (Fig.  6.2 ). A dis-
cussion of the known (and supposed) molecular 
mechanisms is beyond the scope of this manu-
script, but it appears that autophagy is generally 
induced to provide an alternate source of certain 
basic building blocks required for cell survival 
(the non- selective pathway). The mechanistic 
target of rapamycin (MTOR) kinase coordinates 
nutrient availability and cell growth. When the 
supply is suffi cient, MTOR is active and phos-
phorylates important proteins for cellular 
growth. When nutrients are in a limited supply, 
MTOR is  inactivated and limits protein transla-

tion, focusing on those required for cell survival 
[ 3 ]. This  mechanism might be easily modulated 
by the action of common and inexpensive drugs, 
such as metformin [ 4 ] and chloroquine [ 5 ], but 
might also be regulated by selected stimuli 
( i.e.,  the selective pathway initiated from the 
cargo itself).

6.1.1       Autophagy: A Tightly 
Regulated Process 

 Autophagy is a simple process and is used to 
provide energy under starvation conditions, but 
it must be tightly regulated because it has the 
capacity to be harmful ( i.e.,  it can degrade entire 
organelles). In mammals, as opposed to yeasts, 
the regulation of this process is exquisitely 
 complex because it is also used, among other 
functions, for the purposes of development; 
consequently, the mechanisms of autophagy 
must be initiated at precise times. The targeted 
degradation of a cellular component requires 
signals derived from either the cargo selected 
for degradation or the particular function of the 
cell. The regulation of this process is poorly 
understood, but it is likely that certain selective 
autophagy pathways are relevant to disease. 

 For example, autophagy of mitochondria 
(mitophagy) is involved in the response of the 
cell to pernicious stimuli and, particularly, in 
the avoidance of effects from infl ammation or 
oxidative stress (details are summarized in 
Fig.  6.3 ). This response is clearly observed in 
conditional knockout mouse models [ 6 ], which 
accumulate deformed mitochondria in the liver 
under defective autophagy conditions. It has 
also been observed that chemical inhibitors of 
autophagy and mitochondrial depolarization 
(cyclosporine) jeopardize the defensive role of 
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mitophagy in hepatocytes [ 7 ]. The autophagy of 
peroxisomes (pexophagy) has only been 
explored in yeasts, and it is diffi cult to differen-

tiate the process from peroxisomal biogenesis; 
however, a role in mammals is likely to exist. To 
further complicate the issue, there is cross 

  Fig. 6.1    Autophagy was fi rst described in mammalian cells 
over 50 years ago, but the molecular basis for this process 
has not been completely elucidated. The following three 

autophagy forms have been identifi ed: chaperon-mediated 
autophagy, microautophagy and macroautophagy (autoph-
agy).  LAMP  lysosomal associated membrane protein       

  Fig. 6.2    Several steps, including nucleation, expansion, 
completion, fusion, breakdown, and export, have been 
identifi ed in autophagy. The signal to initiate autophagy 

may be selective (changes in nutrient availability) or 
 nonselective (the nature of the cargo itself)       
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 communication between the two major path-
ways of protein degradation,  i.e. , substrates that 
are  normally degraded by the ubiquitin-protea-
some pathway can be selectively degraded by 
 autophagy under certain circumstances [ 8 ]. The 
induction of autophagy is also critical in the 
maintenance of glycogen stores. Glycogen 
autophagy in the liver, heart and diaphragm is a 
selective and highly regulated process that is 
most likely due to the abrupt increases in the 
energy requirement under critical conditions, 
such as birth [ 9 ].

6.2         The Relevance of Autophagy 
in Disease 

6.2.1     Autophagy Is Important 
in the Pathogenesis of Cancer, 
Neurodegeneration 
and Myopathies 

 Autophagy has been implicated in the pathogen-
esis of several diseases, primarily as the conse-
quence of an imbalance in its dual role of adapting 
to cellular stresses and/or contributing to cell 
death. Mitochondria are particularly important in 
the process. 

 There are at least three different types of 
 programmed cell death as follows: type I (nuclear 
or apoptotic), type II (autophagic), and type III 
(cytoplasmic). The autophagic and apoptotic path-
ways are closely related [ 10 ], although autophagy 
is relatively unknown compared to apoptosis, and 
it is unclear whether autophagy represents a failed 
effort to preserve cell viability. This observation is 
particularly evident in cancer. Several fi ndings 
have led to the hypotheses that BECN1 (beclin-1) 
and other genes involved in autophagy may func-
tion as tumor suppressors and that defects in 
autophagy may promote cancer. Similarly, the 
PI3K (phosphoinositide 3 kinase)/AKT (protein 
kinase B)/MTOR pathway is frequently activated 
in response to mutations in genes encoding nega-
tive regulators, thereby constraining autophagy in 
certain tumors [ 5 ,  11 – 13 ]. Many signals promot-
ing unrestricted cell proliferation also inhibit 
autophagy, which is normally induced to sustain 

cells under conditions of nutrient limitation. 
Interestingly, the uncoupling of the cellular 
response to the nutrient availability renders cells 
more susceptible to a metabolic catastrophe; thus, 
the concept of “oncometabolite” and the require-
ment for further insights in cancer metabolism are 
rapidly evolving. This concept may be a fi rst step 
in understanding why the defensive metabolic and 
infl ammatory responses to tumor necrosis may 
promote rather than entangle an increase in the 
overall tumor burden [ 14 ]. Cancer in adults, but 
not in children, arises under chronic infl ammation 
circumstances, in a tumor microenvironment that 
is characterized by hypoxia, glycolysis, perpetual 
autophagy and the resultant necrosis under condi-
tions of stress. The regulation of autophagy in 
tumor cells provides possible therapeutic strate-
gies, although given the complexity of the signal-
ing pathways, these should be tailored to the 
different classes of tumors. For example, in tumors 
that do not outgrow their food supply, the inhibi-
tion of autophagy may render cells more suscepti-
ble to conventional treatments. Conversely, the 
stimulation of autophagy in tumors with constitu-
tive activation of the PI3K/AKT pathway can 
 render them more susceptible to apoptosis. 

 Autophagic activity is essential for the normal 
function of the nervous system. A defi ciency of 
basal autophagy in the mouse brain (with a 
knockout of autophagic proteins) results in 
 neurodegeneration [ 15 ]. Although the role of 
autophagy may vary in different neurodegenera-
tive diseases, age-related neurodegenerative 
 diseases are generally characterized by the accu-
mulation of protein aggregates in the affected 
brain. These protein aggregates may be degraded 
by autophagy [ 16 ], suggesting that a regulated 
and specifi c increase in autophagy may become a 
protective response in both Alzheimer’s and 
Parkinson’s diseases. Lysosomal storage disor-
ders, which result in alterations of the lysosomal 
function, should inhibit autophagosome matura-
tion and the subsequent accumulation of autoph-
agic vacuoles in the affected cells. Ineffi cient 
 autophagolysosomal recycling of mitochondria 
may generate fragmented mitochondria and an 
increased sensitivity to apoptosis, thus compli-
cating the course of the disease [ 17 ]. Many 
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 congenital myopathies are characterized by the 
presence of myofi brillar disorganization and the 
accumulation of autophagic vacuoles. In this 
context, increased autophagy appears to be 
involved in pathways leading to muscle wasting, 
an effect that should be considered in the phar-
macological modulation of this process [ 18 ].  

6.2.2     The Role of Autophagy 
in Infection and Infl ammatory 
Disorders 

 Recent studies have demonstrated the role of 
autophagy in processes affecting the immune 
system, including the coordination of metabolic 
signals, immune cell differentiation, secretion of 
cytokines and both innate and adaptive immune 
defenses against pathogens. Therefore, it is 
tempting to speculate that detailed insights into 
the function of autophagy may provide novel 
therapeutic strategies in the management of 
infl ammatory disorders. 

6.2.2.1     The Relationship Between 
Autophagy and Immunity 

 Autophagosomes play an important role in the 
major histocompatibility complex (MHC) class 
II antigen presentation. The endocytosis of pro-
tein antigens from the extracellular space is fol-
lowed by autophagy and subsequent lysosomal 
degradation and transfer to the MHC class II 
loading compartment prior to transport to the 
cell surface [ 19 ]. Other studies have indicated 
that dendritic cells (DCs) require autophagy to 
effi ciently process and present antigens on the 
MHC class II molecules. This process is not 
limited to certain antigens, and autophagy also 
appears to be important in the MHC class I anti-
gen presentation [ 20 ]. Other studies have impli-
cated the signaling lymphocyte activation 
molecule, a cell adhesion protein, as a bacterial 
sensor that regulates the degradation of endocy-
tosed gram- negative bacteria in macrophages 
via NADPH oxidase activity and autophagy 
[ 21 ]. Receptor ligation is also important in the 
defense against other pathogens and in the func-
tion of other cells, such as neutrophils, to induce 

autophagy, a  potential mechanism for clearing 
pathogens that has also been associated with 
facilitating the  recognition of pathogen-associated 
molecular patterns. Autophagy is involved in 
the mechanisms by which neutrophils capture 
microbes through neutrophil extracellular traps 
(NETs) that induce a form of cell death, termed 
NETosis [ 22 ]. Several autophagy proteins also 
play a role in B cell development and survival. 
Beclin 1–defi cient chimeric mice have reduced 
numbers of lymphoid progenitor cells in the 
bone marrow, indicating a role for Beclin 1 in 
early B cell development. These and other avail-
able results demonstrate that autophagy plays a 
role in several aspects of B cell physiology, 
development, and maintenance, MHC class II 
presentation, and co-stimulation through sur-
face receptors [ 23 ]. Moreover, autophagic path-
ways intersect with a variety of T cell functions, 
including the development of CD4+ T cell self-
tolerance. Similar to B cells, multiple autophagy 
proteins are essential for the development, 
maintenance, and survival of T cells. An investi-
gation of autophagy- defi cient peripheral T cells 
showed that they had excess mitochondria and 
elevated reactive oxygen species (ROS) produc-
tion. Autophagy maintains mitochondrial 
homeostasis, and mitophagy is responsible for 
removing damaged mitochondria and prevent-
ing their accumulation (Fig.  6.3 ). Proliferating 
T cells clear the mitochondria as they shift to a 
more glycolytic metabolism after activation, 
and blocking autophagy can impair ATP 
production in T cells [ 24 ]. Other results indicate 
that autophagy plays a role in regulating the 
endoplasmic reticulum (ER) and calcium 
homeostasis in T cells and that impaired 
autophagy can lead to ER stress and impaired 
calcium homeostasis. Alternatively, autophagy 
can be induced by ER stress–signaling path-
ways independent of the unfolded protein 
response that activates NF-κB (nuclear factor 
kappa-light- chain-enhancer of activated B cells). 
Therefore, these roles in maintaining the ER 
and mitochondrial homeostasis and in control-
ling the ROS  levels could explain the impor-
tance of autophagy proteins in the survival of 
immune cells [ 25 ,  26 ].  
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6.2.2.2     The Role of Autophagy Against 
Pathogens (Xenophagy) 

 The mechanisms by which autophagy mediates 
resistance to infection are not fully understood 
but are likely to involve a combination of the 
effects summarized in Fig.  6.4 . The process of 
removing large amounts of protein aggregates 
may be selective and may be used to clear 
 intracellular bacteria, parasites, and viruses. 
Autophagy appears to be the only pathway to 
address this function, and if it fails, the only other 
option for infected cells is cell death and clear-
ance by phagocytes.

   The fi rst line of defense during pathogen 
infection is the activation of innate immune 
responses. The autophagy machinery is also used 
to attack invading pathogens (fi rst described in 
2004, [ 27 ]). This fact and other fi ndings could 
explain the evolution in certain pathogens of 
mechanisms that aim to evade, inhibit, and usurp 
the host cell autophagy to promote survival and 
replication. 

   The Antibacterial Role of Autophagy 
 Bacteria may enter mammalian cells by mecha-
nisms that are different for gram-negative and 
gram-positive bacteria [ 28 ]. Once inside the host 
cells, the predominant strategy against bacterial 

pathogens appears to involve compartmentaliza-
tion within membrane-bound vacuoles, including 
autophagosomes [ 29 ]. The cellular autophagic 
response differs according to the nature of the 
intracellular bacterial pathogen and is involved in 
sequestering and eliminating intracellular bacteria 
such as Group A  Streptococcus ,  Salmonella 
typhimurium ,  Shigella fl exneri , and  Listeria mono-
cytogenes . The exact mechanisms are unknown, 
but the role of autophagy in macrophages com-
pared with that in  epithelial cells differs. In epithe-
lial cells, autophagy limits bacterial growth, and in 
macrophages, mitophagy leads to cell death [ 30 ]. 
Alveolar macrophages ingest the  M. tuberculosis  
bacilli and enclose them in phagosomes, which 
are arrested in maturation. The bacilli survive and 
grow within the phagosomes until the macrophages 
die. Alternatively, the activation of infected macro-
phages by an interferon induces autophagy, and 
phagosomes fuse with autophagosomes with the 
subsequent degradation of the bacilli [ 31 ]. In con-
trast, infection with  Legionella pneumophila  or 
 Porphyromonas gingivalis  activates autophagy, a 
mechanism that provides a replicative, noxious 
niche. At least  in vitro , the suppression of 
autophagy results in the traffi cking of  internalized 
bacteria to phagolysosomes and degradation of 
the organism [ 32 ].  

  Fig. 6.4    The relationship between autophagy and immunity is likely to involve a combination of xenophagy, the activa-
tion of innate and adaptive immune responses, and alterations in pathogen-induced cell death       
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   The Autophagic Responses to Fungal 
Infections 
 Although knowledge in this area is limited, the 
chemical or genetic disruption of autophagy in 
murine macrophages resulted in decreased 
 Cryptococcus neoformans  uptake, replication, 
and escape from host cells [ 33 ]. The goal of the 
ongoing studies is to understand the mechanisms 
by which autophagy proteins determine the abil-
ity of  C. neoformans  to establish a replicative 
niche and how these functions are coordinated 
with other host factors.  

   The Autophagic Responses to Parasites 
 Knowledge regarding the autophagic responses 
to parasites is also limited. However, following 
infection in macrophages,  Toxoplasma gondii , 
an obligate intracellular protozoan parasite, 
 replicates in specialized vacuoles that are pro-
tected from fusion with lysosomes. Experiments 
in animal models have indicated a role for 
autophagy involving cell-cell receptor-ligand 
interactions in activated macrophages that elimi-
nate the parasite [ 34 ].  

   The Autophagic Responses to Viruses 
 In this particular type of infection, the virus and 
the host cell type determine the functions of the 
autophagy-mediated responses. For example, 
autophagy is antiviral in response to herpes sim-
plex virus type 1, but viruses have evolved mech-
anisms to perturb autophagy, most likely using 
Beclin 1 as a preferential target. Antagonistic 
interactions between viral proteins and Beclin 1 
can subvert autophagosome formation and 
 ultimately promote virulence. Certain viruses, 
including hepatitis B, hepatitis C, and the Dengue 
viruses, promote autophagy as a means to encour-
age viral replication. The exact mechanisms are 
poorly understood but have been extensively 
studied concerning infection with human immu-
nodefi ciency virus (HIV-1). For example, HIV-1 
blocks autophagy in dendritic cells by activating 
the MTOR pathway, most likely via the 
 interaction of envelope glycoproteins with the 
CD4 receptor, which leads to an increased cellu-
lar viral content, an increased transfer of HIV-1 
to CD4+ T cells, an increased virus survival and 
reduced antigen presentation [ 35 ,  36 ]. Other 

studies have indicated a major role for autophagy 
in HIV-1-mediated cell death in uninfected CD4+ 
T cells. HIV-1 inhibits autophagy in infected 
CD4+ T cells by downregulating Beclin 1 at the 
transcriptional level and induces autophagy in 
uninfected CD4 + T cells [ 37 ,  38 ]. Therefore, 
HIV-1 manipulates autophagy during infection to 
evade the immune response and illustrates the 
risks and benefi ts induced by the exogenous 
manipulation of the host autophagy [ 39 ,  40 ].   

6.2.2.3     Autophagy and Immunity 
 Autophagy may also be implicated in autoimmu-
nity by some of the mechanisms listed in Fig.  6.4  
( i.e.,  promotion of the MHC class II presentation 
of antigens, control of T lymphocyte homeosta-
sis, induction by Th1 cytokines and possibly by 
facilitation of specifi c serum autoantibodies) 
[ 41 ]. The role of autophagy in the innate immune 
system has been extensively studied but remains 
poorly understood. Pathogen recognition and 
intracellular killing can be controlled by autoph-
agy, but this process might also act beyond patho-
gen control and be related to the general function 
of the clearance of dead cells. In the absence of 
autophagy, apoptotic cells fail to signal for 
 effi cient removal [ 42 ], and LC3 II (Microtubule- 
associated protein 1 light chain 3 alpha)-associated 
phagocytosis is a requirement for dead cell clear-
ance [ 43 ]. This defect may be linked to suscepti-
bility to autoimmunity in mice [ 42 ,  43 ], and it is 
clinically evident that a number of autoimmune 
diseases are precipitated or aggravated after 
infections. 

 Induced autophagy may exacerbate the 
 process of presentation on MHC-II of peptides 
from intracellular sources [ 44 ]. Dendritic 
 cell- mediated antigen presentation in the context 
of MHC-II is most likely an area in which 
autophagy might infl uence immune diseases 
because this is the major activator of the adaptive 
immune cells. Dendritic cells are also important 
in the pathogenesis of Crohn’s disease because 
impaired autophagy facilitates the replication of 
adherent- invasive  Escherichia coli , an important 
factor in the pathogenesis of the disease [ 45 ]. 

 Diseases resulting from increased activation 
of the immune system comprise the following 
two different categories: autoinfl ammatory 
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 diseases and autoimmune diseases in which the 
adaptive immune cells target the self-antigens. 
Infl ammasome activation modulates cytokine 
secretion, and autophagy plays a negative role 
with respect to infl ammasome activation; autoph-
agy defi ciency leads to the increased production 
of IL-1β and IL-18. The IL-1β receptor blockade 
has benefi cial effects in rheumatoid arthritis and 
has been suggested as a therapy for autoinfl am-
matory diseases [ 46 ]. Autophagy is also involved 
in a number of secretory processes in immune 
cells (and non-immune cells). Proteins with a sig-
nal peptide are secreted through a canonical path-
way involving the endoplasmic reticulum. A 
secretion of proteins without a signal peptide 
appears to be mediated by autophagy [ 47 ]. 
Interestingly, autophagy is involved in interferon 
(IFN) secretion. Elevated levels of IFN-α are the 
hallmark of systemic lupus erythematosus, and 
ongoing clinical trials are testing the effective-
ness of monoclonal antibodies against IFN-α 
[ 48 ]. The paucity of data in humans using agents 
that modulate autophagy is intriguing. However, 
the antimalarial drug chloroquine has been used 
for decades as an anti-infl ammatory agent for the 
treatment of systemic lupus erythematosus and 
rheumatoid arthritis. A mechanistic explanation 
has been recently reported indicating that chloro-
quine promotes the transrepression of proinfl am-
matory cytokines by the glucocorticoid receptor. 
The fact that glucocorticoid signaling is regulated 
by lysosomes provides a mechanistic basis for 
treating autoimmune diseases with a combination 
of glucocorticoids and lysosomal inhibitors [ 49 ].    

6.3     Nutritional Stress, 
Autophagy 
and Infl ammation 

6.3.1     Infl uence of Changes 
in the Metabolic State 
on the Immune System 

 Nutritional factors ( i.e.,  obesity, metabolic 
 syndrome, nutritional restriction, among others) 
have an important regulatory role in modulating 
the function of the immune system. Possible 

mechanisms include changes in secretion of 
immune mediators by metabolic tissues, altera-
tions in the composition of resident populations 
of T cells or macrophages, direct effects of 
metabolites on immune cells and intrinsic defects 
in signaling pathways. Changes in the autophagic 
activity of different cell populations are likely to 
infl uence the quality of the immune responses 
that occur in response to nutritional stress or 
nutritional intervention, particularly in the con-
text of a high fat diet [ 50 – 54 ]. Metabolic compli-
cations are associated with a state of subclinical 
chronic infl ammation that has been identifi ed as a 
pathogenic risk. Because infl ammation is not the 
cause of obesity, we speculate that it may repre-
sent a superimposed mechanism that may be 
defensive and is related to autophagy, oxidation, 
dietary factors and the consequent metabolic 
response in specifi c types of cells.  

6.3.2     Chemokine (C-C motif) 
Ligand 2, Autophagy 
and Infl ammation 

 Obese adipose tissue, characterized by adipocyte 
hyperplasia and hypertrophy, is a mediator of 
low-grade infl ammation of the white adipose 
 tissue that is due to a chronic activation of the 
innate immune system leading to an increase in 
cytokines, which mediate the recruitment of mac-
rophages and T cells. Certain cytokines, primar-
ily chemokine (C-C motif) ligand 2 (CCL2), also 
support vasculogenesis. 

 Autophagy modifi es pancreatic beta cell 
 functions regulating glucose homeostasis [ 55 ]. 
Because ER stress is involved in insulin resis-
tance, autophagy might also be involved in insulin 
resistance by modulating the ER stress response 
[ 56 ]. Infl ammation apparently represents an indi-
cator of the failure of adipose tissue in its major 
function of energy storage. We have recently 
developed an animal model overexpressing CCL2 
that is designed to characterize the relationship 
between autophagy and cytokine gene expression. 
The preliminary data suggest that metabolism 
( i.e.,  dietary variations) plays a contributory fac-
tor; animals overexpressing CCL2 displayed an 
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increased number of autophagosomes and a 
 differential rate of mitophagy as compared with 
CCL2 defi cient animals (Fig.  6.5 ) [ 57 ]. However, 
the role of CCL2 may vary in response to different 
environments [ 58 ]. Ongoing studies in our model 
may add information about the regulation of 
autophagy by cytokines, which is based on rela-
tively limited data obtained in mammalian cells. 
IFN-γ, a Th1 cytokine, induces autophagy [ 59 ], 
but Th2 cytokines (IL-4 and IL-13) act as sup-
pressors of autophagy and most likely activate the 
MTOR cascade [ 60 ]. More importantly, in vascu-
lar smooth muscle cells (VSMC) from atheroscle-
rotic plaques, the expression of autophagy genes 
in VSMC was controlled by insulin growth factor 
like-1 (IGF-1) and TNF-α; TNF-α may induce 
autophagy [ 61 ]. This result suggests that IGF-1 
can induce cell survival by inhibiting autophagy 
in plaque- associated VSMC [ 62 ,  63 ]. This effect 

could be important to provide novel strategies to 
increase stability of atherosclerotic plaques.

   This fi nding is also relevant in obesity, a con-
dition associated with a frightening disease 
 burden. Although the search for a simple and 
acceptable nutritionally based therapeutic 
approach continues, other strategies are clearly 
needed. The effect on liver morphology and func-
tion of obesity and the consequent development 
of fatty liver disease has received substantial 
attention in our laboratory [ 64 – 66 ]. It has been 
repeatedly invoked that autophagy may play a 
dual role in cell fate, depending on the stimuli 
and cell type. Therefore, it is essential to consider 
the effect of autophagy in every metabolic tissue 
involved in obesity-associated disturbances. Most 
likely, the effect has been predominantly investi-
gated in adipose tissue and the liver, especially in 
nonalcoholic fatty liver disease (NAFLD). 

  Fig. 6.5    The ingestion of highly caloric, fat-rich, food 
elicited significant differences in weight increase 
among mice overexpressing CCL2 when compared to 
CCL2 knockout animals ( a ). Additionally, dietary 

 conditions were also responsible for significant 
changes in the fusion-fission balance in mitochondrial 
biogenesis ( b ) and the amount of autophagosomes in 
the liver ( c )       
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Intriguingly, the degree of steatosis is heteroge-
neous among obese patients and a substantial 
number of patients do not develop this complica-
tion. Obese patients with steatosis display a 
higher number of autophagosomes in the liver 
and toroidal mitochondria are constantly 
observed in obese patients without steatosis 
(Fig.  6.6 ). Apparently, in the liver, these effects 
are not related to infl ammation but autophagy 
affects the infl ammatory status of the adipocyte. 
The reported data are confl icting and even coun-
terintuitive. Patients with steatosis  displayed higher 
adipocytes than those without and may constitute 
a predictive factor, which is associated with 
circulating C-reactive protein (Fig.  6.6 ).

   The absence of autophagy in adipocytes, as 
identifi ed in adipocyte-specifi c ATG7 knockout 
mice, or the mitigation observed in CCL2 defi -
cient mice, protect against high-fat diet-induced 
obesity and insulin resistance in mice [ 67 – 69 ]. 

However, other data report that autophagy may 
function to limit excessive infl ammation in adi-
pose tissue during obesity [ 70 ]. In addition, obese 
patients do not necessarily display insulin resis-
tance. The inhibition of autophagic action by 
insulin could partly explain an expected increase 
of autophagy in obese patients with insulin resis-
tance, and consequently steatosis should be more 
likely associated with metabolic disturbances. In 
these patients, however, changes in autophagy 
could also play a role in both infl ammatory gene 
expression and secretion of cytokines. This role 
may not be exactly the case for other types of 
cells ( i.e.,  macrophages) that are present in 
expanded adipose tissue. Therefore, it remains 
plausible that the inhibition of autophagy in adi-
pose tissue might worsen insulin sensitivity via 
its effects on infl ammatory cytokine production, 
and that infl ammation is associated with 
 autophagy as part of the induced effects of 

  Fig. 6.6    The degree of steatosis is considerably heteroge-
neous among obese patients and this may be associated 
with the presence of autophagy (mostly mitophagy) ( a ). In 
addition, the adipocytes in subcutaneous adipose tissue are 

 signifi cantly higher in patients with steatosis ( b ). It remains 
to be ascertained whether this measurement could be qual-
ifi ed as a clinical biomarker but it is apparently associated 
with circulating C-reactive protein concentration ( c )       
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 obesity. Other fi ndings [ 71 ,  72 ] suggest that 
obesity- associated infl ammation in adipose  tissue 
up- regulates autophagy to mitigate the produc-
tion of proinfl ammatory cytokines ( i.e.,  autoph-
agy could be a consequence rather than a cause of 
obesity- induced adipose tissue infl ammation).  

6.3.3     Lipophagy and the Lipolytic 
Role of Macrophages 
in Adipose Tissue 

 The function of autophagy in regulating intracel-
lular lipid droplets (LDs) is also relevant for obe-
sity, especially in tissues that are not designed for 
energy storage, such as the liver or muscle (lipo-
phagy). Whether impaired lipophagy is a suffi -
cient condition to cause NAFLD is debatable [ 73 ]. 
Among other data, the existence of lipophagy has 
been suggested, via different mechanisms, to 
degrade LDs through autophagy, indicating that 
lysosomes do not fuse directly with LDs but with 
LD-containing autophagosomes [ 74 ]. In the con-
text of NAFLD, we have previously shown the 
synergic roles of both dietary energy ingestion 
and the tissue CCL2 response [ 75 – 77 ]. LDs were 
initially viewed as storage lipid depots, but it is 
now known that these organelles may participate 
in different cell functions [ 78 ]. Moreover, when 
induced by oxidized lipids, LDs are active in the 
arachidonic acid conversion into leukotrienes 
through the 5-LO pathway, a key component in 
the pathogenesis of atherosclerosis [ 79 – 81 ]. 
Prostaglandins and leukotrienes are important 
infl ammation mediators; consequently, LDs may 
act in the coordination of immune responses. 
Different subpopulations of LDs that may differ 
in their lipid and protein concentrations have been 
observed in different type cells within the same 
cell and/or in response to different stimuli, 
 suggesting maturation and integration in multiple 
cellular processes [ 82 ]. Curiously, emerging 
evidence suggests a linkage between LDs and the 
regulation of immune responses in the context 
of host-pathogen interactions, which have been 
previously reviewed [ 83 ]. The  regulatory network 
of autophagy in the  development of NAFLD may 
also involve  signaling through AMP-activated 

protein kinase (AMPK), which is a central regula-
tor of cellular metabolism [ 84 ]. AMPK regulates 
metabolism through its effects on glucose homeo-
stasis, lipid metabolism, protein synthesis, and 
oxidative metabolism. However, ongoing studies 
in a model of hyperlipidemia suggest that the 
modulation of AMPK by metformin may have 
different effects according to the baseline meta-
bolic context. AMPK may up-regulate glycolysis 
and decrease the synthesis of glycogen [ 85 ]. The 
control of lipid metabolism by AMPK is most 
likely the result of both a decrease in lipogenesis 
and the stimulation of mitochondrial fatty acid 
oxidation. The possible mechanisms remain 
unclear, but the former is most likely due to the 
inactivation of 3-hydroxy- 3-methylglutaryl-
coenzyme A reductase and acetyl CoA carboxyl-
ase 1. The ability of AMPK to promote fatty acid 
oxidation may be due to the decreased synthesis 
of malonyl CoA or a decrease in transcription of 
lipogenic genes via the inhibition of the sterol 
regulatory element-binding protein- 1c. AMPK 
most likely regulates PGC-1α, which subse-
quently increases mitochondrial biogenesis [ 86 ]. 
All of these fi ndings are particularly important 
because metformin has been considered an agent 
against fatty liver disease. Moreover, the invoked 
mechanisms of action are continuously revisited 
[ 87 – 89 ]. A certain alteration in the mitochondrial 
function is likely and deserves future research. 
Metformin may also attenuate infl ammatory 
responses by suppressing the production of 
TNF-α, suppressing the expressions of scavenger 
receptors in  macrophages [ 90 ], and exacerbating 
the allergic eosinophilic infl ammation in high 
fat-diet-induced obesity in mice [ 91 ]. 

 To further complicate the issue, macrophages 
in adipose tissue (ATMs) play a role in lipolysis 
that is independent of infl ammatory action. In an 
attempt to identify the cellular functions of ATMs 
that are regulated by adiposity, a program of 
obesity- associated lysosome biogenesis has been 
recently identifi ed, which suggests that ATM 
lysosomes are important in lipid metabolism 
[ 92 ]. A class of antimalarial drugs, including 
chloroquine, inhibits the acidifi cation of 
 lysosomes ( i.e.,  decreased autophagy), conse-
quently leading to the accumulation of LDs in 
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macrophages. Macrophages are cells that possess 
distinct noninfl ammatory trophic functions that 
are regulated by the cellular and/or metabolic 
context. These new fi ndings indicate that ATMs, 
which are the dominant immune cell in AT, 
respond to increases in adiposity and are closely 
coupled to lipid accumulation ( i.e.,  the net effect 
is to buffer increased concentrations of lipids). 
Moreover, the traffi cking of lipids differs between 
lean and obese individuals. In large adipocytes, 
the released lipid is taken up by macrophages and 
targeted to lysosomes for metabolism. This pro-
cess may be central to the development of meta-
bolic diseases [ 93 ]; however, attempts to target 
autophagy and lysosome function require further 
extensive research (Fig.  6.7 ).

6.4         Conclusion and Perspectives 

 The crosstalk between the signaling pathways 
and autophagy, particularly the link between 
MTOR downregulation and autophagy induc-
tion, requires further exploration considering the 
possible regulatory effects of infl ammation. 
Caloric restriction apparently delays the onset of 
chronic diseases, which are more common later 
in life. Caloric restriction also favors autophagy, 
which provides energy to cells from self-
degraded components and removes harmful 
compounds that play a role in oxidative stress 
and immune function. In older organisms, 
autophagic activity decreases, which may possi-
bly favor the genesis of chronic diseases and 

  Fig. 6.7    Despite their apparent complexity and the 
 possible variations among metabolic tissues, infl amma-
tion, lipolysis and autophagy are closely related in meta-
bolic diseases. Treatment with available drugs may 
require further elucidation of the uptake of lipids by 

 adipose tissue and cells in the environment, particularly 
 macrophages, the signaling effects of lipid sensing, the 
fate of lysosomal products of lipid hydrolysis, and the 
anabolic factors released by autophagy       
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 partially explain the relationship between these 
diseases and an excessive energy intake. 
Although caloric restriction does not appear to 
be feasible in the human population, the induced 
decrease in chronic systemic low-grade infl am-
mation may be focal in the development of many 
typical Western diseases centered on obesity. For 
example, epidemiological studies indicate that 
the consumption of polyphenol- rich foods, 
which may have a caloric restriction mimetic 
effect, may be associated with a lower chronic 
disease risk. 

 Autophagy research may lead to either the dis-
covery of future therapeutic targets or to the effi -
cient use of either marketed or newly developed 
drugs under safe and benefi cial conditions. It 
should be particularly important to uncover the 
multiple interactions between autophagy and cyto-
kines, suggesting important roles for autophagy in 
the control of infl ammation and  fi ne- tuning of the 
immune response. In this setting, atherosclerosis 
appears to be a relatively novel target. Certain 
experiments in mice demonstrate defective 
autophagy in macrophages of atherosclerotic 
plaques. Complete defi ciency of macrophage 
autophagy resulted in a pro-infl ammatory state 
and enhanced plaque progression via an infl am-
masome-dependent mechanism mediated by cho-
lesterol crystals [ 94 ]. The infl ammasomes, recently 
discovered multi-protein complexes, seem to be 
crucial to understand how the immune system 
sense perturbations of cellular homeostasis, and at 
which stage of metabolic disease the subsequent 
interactions impact disease progression. 

 Knowledge on the mechanisms and pathways 
involved in autophagy might reveal a consider-
able potential for pharmacological modulation of 
the process in the management of infl ammation 
and related conditions. Noninfl ammatory func-
tions of immune cells should also be considered 
in the context of potential improvements in the 
therapeutic approach for the devastating meta-
bolic diseases.     
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