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ABSTRACT

Obesity is a long-term source of cellular stress that predisposes
to chronic kidney disease (CKD). Autophagy is a homeostatic
mechanism for cellular quality control through the disposal
and recycling of cellular components. During times of cellular
stress, autophagy affords mechanisms to manage stress by se-
lectively ridding the cell of the accumulation of potentially
toxic proteins, lipids and organelles. The adaptive processes
employed may vary between cell types and selectively adjust to
the insult by inducing components of the basic autophagy
machinery utilized by the cells while not under duress. In this
review, we will discuss the autophagic responses of organs to
cellular stressors, such as high-fat diet, obesity and diabetes, and

how these mechanisms may prevent or promote the progression
of disease. The identification of early cellular mechanisms in
the advent of obesity- and diabetes-related renal complications
could afford avenues for future therapeutic interventions.

INTRODUCTION

Obesity continues to be a widespread public health issue. In
the USA, the prevalence of obesity doubled between 1980 and
2002, affecting approximately one in three adults [1]. Adipose
tissue is not merely for energy storage but is rather a complex
endocrine gland that interacts with other organs. It is largely
through these interactions that obesity increases the likelihood
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of various diseases and associates with diabetes, hypertension,
proteinuria and arthrosclerosis, risk factors of chronic kidney
disease (CKD). Several studies support this association
between obesity and kidney disease [2–4], including a recent
meta-analysis, which demonstrated the contribution of obesity
to the progressive loss of kidney function in those patients
with CKD [5]. In this review, we will briefly describe the links
between adiposity and regulation of autophagy, and the role
that autophagy plays in kidney diseases associated with obesity
and diabetes.

OBESITY

Genetically obese Zucker rats demonstrate early changes in
kidney hemodynamics including increases in glomerular fil-
tration rate (GFR) and albuminuria along with changes in renal
morphology including glomerular enlargement, mesangial ex-
pansion and podocyte injury. These hemodynamic changes are
reversible with caloric restriction [6], as are the structural
changes [7]. In patients, an increased body mass index (BMI) is
not only correlated with albumin excretion, but caloric restric-
tion or bariatric surgery as a means of weight reduction reduces
proteinuria [8]. The impact on the kidney beyond hemody-
namic, structural and pathologic changes is that obesity ampli-
fies the risk of CKD. Other comorbidities include metabolic
syndrome, high blood pressure, diabetes mellitus and cardiovas-
cular disease [9].

One link between caloric excess and CKD involves the nu-
trient sensor, 50 AMP-activated protein kinase (AMPK). AMPK
is activated when the AMP(ADP):ATP ratio increases, such as
in times of caloric restriction or exercise. AMPK is also respon-
sive to the adipokine, adiponectin, which is shown to decrease
in obese individuals with insulin resistance. The adiponectin-
deficient mouse demonstrates low AMPK activity, albuminuria
and podocyte foot process effacement. Agonist induction of
AMPK activity attenuates these pathologic conditions [10]. One
central, cellular homeostatic mechanism responsive to AMPK is
autophagy, and there is a growing body of literature linking au-
tophagy to chronic organ dysfunction.

GENERAL AUTOPHAGY

Autophagy is a conserved catabolic mechanism required for
cellular homeostatic quality control and regeneration as well as
a cellular stress response mechanism. There are three types of
autophagy that differ in their mechanism of delivering their
cargo to the lysosome: macroautophagy, chaperone-mediated
autophagy (CMA) and microautophagy. Macroautophagy re-
quires the formation of a double-membrane vesicle, the auto-
phagosome, which upon formation sequesters cytosolic
components for delivery to the lysosome (Figure 1). CMA is a
form of selective autophagy utilizing heat shock chaperone of
70 kDa, hsc70, which recognizes the pentapeptide KFERQ
motif upon misfolding of protein complexes. This hsc70-
protein complex binds to a lysosomal receptor complex, is un-
folded and translocated into the lysosome [11–13]. In micro-
autophagy, cytosolic materials are directly engulfed by
invagination of the lysosomal membrane [14].

Macroautophagy will be simply referred to as autophagy
for the remainder of this review. In this form of autophagy, the
double membrane autophagosome fuses with a lysosomal
vesicle to form an autolysosome where lysosomal proteases
can then access and degrade the sequestered cargo of the
autophagosome (Figure 1). This process is fundamental in
ridding the cell of aged and aggregated proteins and is the only
known mechanism for disposing of damaged organelles under
normal conditions as well as in cells under stress [15–19]. The
capacity to remove aged and damaged cellular components,
such as mitochondria and endoplasmic reticulum (ER), can
avoid cellular stress, apoptosis and promote cell and organism
longevity. In states of normal physiology, there is an active au-
tophagic process working in all cell types of the kidney and is
especially prominent in podocytes to protect cellular integrity
against the stresses these cells encounter at the filtration
barrier [20].

The process of initiation, nucleation and elongation/matu-
ration of the macroautophagy vesicle requires several different
AuTophaGy (ATG) proteins. Initiation is controlled by a
ULK1-ATG13-FIP200 complex, nucleation requires a Beclin-
1-Class III PI3K and associated protein complex, and two
conjugation systems are involved in elongation and maturation
or closure (Figure 1). One of these conjugation systems entails
the cleavage of microtubule-associated proteins light chain 3
(LC3) to cytosolic LC3-I, and the further modification for lipi-
dation to phosphatidylethanolamine in the autophagosome
membrane, forming LC3-II. Thus, cytosolic LC3-I and auto-
phagosome-bound LC3-II levels are established indicators of
canonical autophagy [21].

Whereas the chaperone hsc70 of CMA binds a pentapep-
tide motif, KFERQ, in proteins targeted for translocation into
the lysosome, macroautophagy was considered a non-selective
process engulfing segments of the cytosol. Proteins have since
been identified that selectively enhance the autophagosomal
cargo with proteins targeted for degradation. The best studied
is linker protein p62/SQSTM1 (p62). Binding domains on p62
include an ubiquitin-associated binding domain and an LC3
interacting region. In this way, p62 scavenges ubiquitinated
proteins for degradation and binds LC3 to anchor these pro-
teins into the forming autophagosome. An accumulation of
p62 into aggregates occurs when autophagy is low or deficient
[22]. Aggregates of p62 can stabilize Nrf-2 (nuclear factor (er-
ythroid-derived 2)-like 2), a central transcriptional regulator of
enzymes expressed in response to the oxidative cell stress that
would occur in low autophagic states [23]. Accumulated p62
also suppresses proteasomal activity [24], the other cellular
means of protein degradation. A chronic inability to dispose of
toxic cellular aggregates further increases cell stress and death.

REGULATION OF AUTOPHAGY

A fine balance: the reciprocal harmony of mTOR
and AMPK

Nutrient input activates the protein kinase, mammalian or
mechanistic target of rapamycin (mTOR). There are two dis-
tinct mTOR complexes, Complex 1 where mTOR associates
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with Raptor, PRAS40 and mLST8, or Complex 2 where it
associates with Rictor, mSIN-1, Protor-1 and mLST8. The
small GTPases Rag, via amino acids or Rheb, via growth
factors, activates mTORC1 and degrades Deptor. Downstream
targets induce protein and ribosomal biosynthesis and cell
growth. mTORC1 suppresses autophagy through phosphoryl-
ation of ULK1 and ATG13, as such we will be concerned with
mTORC1 in this review.

AMPK is a ubiquitously expressed kinase that plays a key
role in energy homeostasis. AMPK is activated in response to
low nutrition or energy expenditure that results in an increase
in the AMP (ADP)/ATP ratio and the nutritional sensor
LKB1. It can also be activated by adipohormones, such as adi-
ponectin. Stimulation of AMPK activates autophagy directly
through phosphorylation of the ULK1 autophagy initiation
complex (ULK1, ATG13, FIP200), at a different site than
mTORC1, and also suppresses mTORC1 activity through
phosphorylation of TSC2, which maintains Rheb in an inac-
tive state. Inhibiting mTORC1 also promotes autophagy.
AMPK in this way suppresses energy expenditure processes,
such as protein synthesis, and also affords mitochondria pro-
tection and biogenesis [25], the expression of cellular antioxi-
dant defense proteins [26], suppression of extracellular matrix
proteins [27], and induction of eNOS [28] yet suppression of
iNOS [29]. For most cells, there is a balance between mTOR,
which induces anabolic, energy-utilizing processes and
AMPK/autophagy, which promote catabolic, energy-conser-
ving processes.

At times when food is plentiful, AMPK activity will de-
crease allowing downstream mTORC1 to increase. The cells
and organisms will synthesize new proteins and fatty acids and
increase metabolic activity. When food intake is limited, acti-
vation of AMPK acts to conserve energy expenditure, utilize
intracellular energy sources, and degrade aged and damaged
proteins and organelles by autophagy to generate building
blocks for future mTOR induction of anabolic processes [30].
The biorhythm of these opposing biological cycles is required

for longevity. In ischemia-reperfusion (IR) in the heart [31]
and kidney (unpublished data), induction of AMPK occurs
during the nutrient-deficient ischemic phase, and is down
regulated upon reperfusion, where mTOR is induced. Please
refer to Figure 1 for a diagrammatic representation of inter-
action between AMPK and mTOR in the induction of auto-
phagy. Sirt1 plays a role in activating autophagy by
deacetylating autophagic factors including ATG5, ATG7 and
LC3 [32]. Activation of Sirt1 by an increase in the NAD+:
NADH ratio in response to exercise or fasting may be attribu-
ted to AMPK.

There is an integral interrelationship between the anabolic,
mTOR, and catabolic, autophagy, pathways. Induction of
AMPK/autophagy results in the catabolic degradation of cellu-
lar components with the resultant generation of amino acids.
The amino acids then comprise part of a cycle activating the
anabolic mTORC1 pathway via Rag (Figure 2). To accommo-
date the secretory phenotype in senescent cells, this feedback
can be breached whereby both the pathways are activated via a
reorganization of the endomembrane system termed the TOR-
autophagy spatial coupling compartment (TASCC) [33]. In
the TASCC, mature autophagosomes fuse with lysosomes
bound with mTOR. The amino acids generated by autophagy
are utilized to activate mTOR and recruit it onto the lysosomal
membrane and thus promote synthesis of secreted proteins
characteristic of senescent cells. In this process, mTOR
remains spatially distinct from ULK1 and early autophago-
some formation allowing both autophagy and protein syn-
thesis to progress. TASCC was observed in podocytes and may
permit protein synthesis in these cells that maintain high con-
stitutive autophagy. The linker protein p62 is another inter-
connecting component of the catabolic/anabolic cycle. It also
binds Raptor and is required for mTORC1 stimulation in
response to amino acids [34]. The function of p62 thus serves
not only as a selective cargo linker for autophagy, where it gets
degraded by autophagy, but also controls autophagy by pro-
moting mTORC1 activity in the presence of amino acids, thus

F IGURE 1 : Autophagy: mechanism. Illustrated is a simplified progression of autophagy from initiation, nucleation and membrane elongation
and maturation with final fusion with a lysosome. ATG conjugation pathways are not shown for space considerations. Nutrients can affect the
AMPK/mTOR balance to modulate autophagy, as can cellular stress in an AMPK independent manner. Probably, the best demonstration of
these two divergent initiation pathways in a single model is ischemia-reperfusion, as shown. Arrows are progressive and bars are inhibitory.
Small triangles, rectangles and ovals represent cargo for autophagic degradation. Lightning bolts and Pac-Man represent lysosomal enzymes.
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suppressing its own degradation. Induction of mTORC1 is re-
quired for lysosomal biogenesis [35], and thus supports auto-
phagy. Deficiency of p62 increases the activity of adipogenic
regulator, PPARγ, and also imparts the characteristics of the
metabolic syndrome with glucose intolerance, insulin resist-
ance, inflammation, reduced energy expenditure and obesity
in mature mice [36].

The proper balance of these pathways affords a nutritional
balance for proper cell homeostasis and longevity. Current re-
search shows that a balance in the interregulation of these
pathways is required for the reduction of stress and preser-
vation of cell health. This cycle of autophagic degradation,
amino acid generation, mTORC1 induction and lysosomal
regeneration establishes a pendulum-like interrelationship
between anabolic and catabolic cycles, and their dependence
upon one another. That chronic inhibition or activation of
either the catabolic, autophagy or anabolic, mTORC1, arms of
the cycle will negatively affect the entire cycle (Figure 2). This
can be appreciated by the disruption of this biorhythm in
disease or utilizing pharmacologic or genetic means to disrupt
this balance and mimic disease, as will be described later. To
further support this biorhythm, the autophagy protein ATG14
is regulated by circadian rhythm [37]. Therefore, to restore the
balance pharmaceuticals should be administered with this
cycle in mind.

Mitophagy in response to cellular stress

There are different forms of autophagy in response to
diverse signaling pathways, and we are only now beginning to
appreciate their differences and consequences [38]. As shown
in Figure 1, although ischemia would reduce nutrients and ac-
tivate AMPK, reperfusion increases cellular stress that induces
autophagy independent of nutrient status. Cellular stress can

damage mitochondria and ER resulting in the generation of
ROS, and oxidized and misfolded proteins. An autophagic
response can selectively target, acquire and degrade these orga-
nelles and affected proteins. The mechanisms involved in se-
lective mitochondrial macroautophagy, or mitophagy, are of
particular interest.

Mitochondria are widely considered the cellular power
plants with aerobic production of ATP, with other functions
including calcium signaling and apoptosis. Cell demand and
physiologic conditions play a role in the number and size of
these organelles. The high-energy requiring transport respon-
sibilities of the kidney proximal tubule, for example, require
abundant mitochondria. Selective degradation occurs by au-
tophagy coupled with fission/fusion events. In disease states,
this mechanism might become further taxed to avoid cell
death. Damaged or aged mitochondria exhibit a decreased
mitochondrial membrane potential that activates the PTEN-
induced putative kinase 1 (PINK1) and the E3-ubiquitin
ligase, Parkin. PINK1 is constitutively produced and binds the
mitochondrial membrane but has a very short half-life.
Damage to the mitochondria stabilizes PINK1 proteins, which
accumulate on the outer mitochondrial membrane and recruit
Parkin. The PINK1/Parkin complex has the dual function of
ubiquitinating both mitofusins to prevent mitochondrial
fusion, and the voltage-dependent anion channel 1. These
polyubiquitinated mitochondria bind the p62 linker protein
and then LC3 on the developing autophagosome resulting in
sequestration and removal of the mitochondria by autophagy.
For a current review of mitophagy, see [39].

A programed process for removing mitochondria during
development, as in red blood cells, demonstrates the involve-
ment of the BH3-only proteins Nix (also known as Bnip3L)
and Bnip3. These mitochondrial-binding proteins are able to

F IGURE 2 : Autophagy: regulation. A line diagram with arrows as progressive pathways and bars inhibitory is shown. Blue lines are primarily
catabolic, whereas black are anabolic. Excessive mTORC1 activity can lead to increases in proteins, growth, adipogenesis and lipogenesis. Com-
bined with an mTORC1 inhibition of autophagy for quality control and removal of dysfunctional proteins and organelles, progression can lead
to cell stress. This diagram also illustrates the checks and balances between the catabolic and anabolic pathways, the result if one pathway,
mTORC1 as per diabetes, skews that balance, and the reliance of one pathway on the other (i.e. amino acids generated by autophagy for
mTORC1 activation, and mTORC1 generation of lysosomes support autophagy).
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bind to the autophagosome LC3 directly without requiring
the ubiquitin-p62 linker bridge. This mechanism was pre-
viously shown to respond to stress stimulation and dictate
apoptosis or necrosis. It is now thought that this mechanism
is utilized to maintain baseline mitochondrial homeostasis
by autophagy, but can regulate mitochondrial autophagy,
apoptosis or necrosis depending upon the magnitude and
duration of the cellular stress [40]. Hypoxia can also induce
Bnip3 that can displace Beclin1 from Bcl-2 and promote au-
tophagy [41].

The ER unfolded protein response (UPR) is a cellular stress
response pathway engaged to restore ER homeostasis after
stress or aging challenges to ER function. The ER UPR
employs proteasomal and autophagic mechanisms to dispose
of misfolded proteins and damaged ER. ER stress to kidney
proximal tubule cells increases the autophagy response [42].
Both PERK [43] and IRE1 [44] UPR pathways induce autop-
hagy. Like mitophagy, ER autophagy, or reticulophagy,
appears to be a mechanism for cell protection. ROS may be a
common factor in cellular stress induction of autophagic
response mechanisms [45].

Lipophagy

Autophagy not only serves as a homeostatic and cellular
stress quality control mechanism, but also generates energy for
the cell at a time when nutrients are low. Energy derived from
amino acids is relatively inefficient, but autophagy was recently
shown to be instrumental in the more energy efficient catabo-
lism of intracellular lipid droplets (LDs) [46], or lipophagy.
Why there are two systems capable of mobilizing LDs, auto-
phagy and cytosolic lipases is not known and requires further
study.

Starvation increases basal lipophagy for energy generation,
whereas lipid challenge also increases basal lipophagy and
leads to selective sequestration of LD. However, chronic lipid
challenge leads to an increase of LD in the cell [46]. This ex-
pansion of the LD compartment observed with a 4 month
high-fat diet (HFD) is due to the progressive inability of the
autophagosome to fuse with the lysosome (Figure 3) [47]. A
higher composition of cholesterol in the autophagosome
appears to be the culprit, and depletion of cholesterol in fibro-
blast cells increases autophagy [48]. Thus, a change in mem-
brane lipid composition appears to be the reason for the

failure of autophagosome–lysosome fusion that consequently
turns an increase in autophagy in response to HFD to suppres-
sion of autophagy in the long term [47].

HFD AND OBESITY AFFECT AUTOPHAGY:
L INK TO INSULIN RESISTANCE

Studies investigating the impact of HFD on autophagy, and
the effects of autophagy on the organ, have been largely in the
hypothalamus, liver, heart, pancreatic β-cells and adipocytes.
Obesity and HFD negatively affect the balance and response of
autophagy and related pathways.

Adipose cells engage in the mobilization of LD not only to
supply energy in times of low nutrient supply, but also to
prevent enlargement of stores from compromising cellular in-
tegrity in response to a large lipid load. In line with this ration-
ale, HFD or obesity leads to an increase in autophagy in
adipocytes, and in a study of obese patients autophagy was par-
ticularly elevated in omental adipose tissue [49]. Adipocytes
from obese type 2 diabetic (T2D) patients displayed a decrease
in mTORC1 with a concurrent increase in autophagy, impaired
mitochondria, ER stress and cytosolic LD [50]. Adiponectin is
an adipokine that decreases with obesity. It was shown to have a
negative correlation with albuminuria in obese patients and adi-
ponectin-deficient mice display increased albuminuria and
fused podocyte foot processes [10]. Elevated levels of autophagy
in adipose tissue in response to obesity-induced ER stress in-
crease degradation and thus reduce levels of adiponectin [51] as
well as insulin receptors [52]. Thus, increased autophagic degra-
dation was purported to play a role in insulin resistance. Studies
with autophagy gene ATG7 knock-out mice supported this
concept. These autophagy-compromised mice displayed smaller
adipocytes with multiocular LDs and increased numbers of
mitochondria and consequent rates of β-oxidation. That is,
these adipocytes resembled brown adipose tissue [53]. Further-
more, the mice were slimmer, more energetic and resistant to
HFD-induced obesity and insulin resistance [53, 54]. In obese
T2D patients, the inability of insulin to activate mTORC1 in
adipocytes contributes to overactive autophagy [50].

Unlike adipocytes, the liver displays a decrease in auto-
phagy and an increase in ER stress in obese (ob/ob) mice [55].
Knocking down ATG7 to suppress autophagy even in lean
mice is sufficient to induce ER stress and insulin resistance.
Further, restoring autophagy by adenoviral expression of
ATG7 in ob/ob mice increased insulin sensitivity and de-
creased ER stress in these animals relative to the ob/ob mice
with control vector. Chronic HFD feeding disturbs the
capacity of autophagosomes to fuse with lysosomes in the liver
[47]. The relevance of autophagy in obesity was further exem-
plified in pancreatic β-cells where selectively suppressing au-
tophagy by breeding β-cell-specific ATG7-deficient mice with
ob/ob mice resulted in increased ER stress, β-cell death and
severe diabetes [56]. Pancreatic β cells also display an accumu-
lation of autophagosomes and decrease in lysosome gene
expression in response to HFD or diabetes, which denotes a
low autophagic flux [57]. HFD in the hypothalamus also re-
sulted in an autophagy defect that correlated with increased

F IGURE 3 : Lipophagy. In either excess lipid load or lack of nutri-
ents autophagy is utilized to mobilize LDs. Lipophagy in the former
is to maintain LD capacity/homeostasis, and the latter for energy.
Chronic lipid administration can eventually inhibit autophagosome–
lysosome fusion causing an accumulation of autophagosome vesicles.
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inflammation, ER stress and obesity [58]. HFD induction of
autophagy in adipose tissue is detrimental, but that does not
appear to extend to these other organs where autophagy
proved beneficial. However, a progression to defective auto-
phagy in these organs may present complications offsetting
the protective benefits.

AUTOPHAGY IN OBESITY-RELATED CKD

Although little work has been done with HFD and autophagy
in the kidney, there has been extensive work in kidney diabetic
models and current reviews on the topic of kidney autophagy
and diabetes, along with other kidney diseases [59–61].

Aging can contribute to the progression of many diseases,
including CKD. Both AMPK activity and autophagy decrease
with aging, whereas aging brings increases in cholesterol, free
fatty acids, ROS and in response to increased cellular stress a
transition to a senescent phenotype. Aging mice with a podo-
cyte-specific deficiency in ATG5 exhibited increased ER stress,
accumulation of oxidized and ubiquitinated proteins and orga-
nelles, proteinuria and glomerular damage [20]. Podocytes
play a pivotal role in maintaining the filtration barrier, which
appears to be a vulnerable component of the kidney as podo-
cyte injury can lead to proteinuria and glomerulosclerosis,
principal features of diabetic nephropathy. Complicating the
issue further, these cells are post-mitotic with limited prolif-
erative capacity and must manage cellular stresses in a highly
variable environment. For these reasons, high constitutive au-
tophagic activity may be required in these cells to suppress cel-
lular stress and maintain podocyte integrity.

This high autophagy, low mTORC1 status typical of podo-
cytes is transformed to a low autophagy, high mTORC1 status
in many disease states, including diabetic nephropathy. This
can lead to an accumulation of damaged and ubiquitinated
proteins and organelles that increase cellular stress and podo-
cyte hypertrophy, podocyte injury and loss, and eventual glo-
merular disease with progressive proteinuria and
glomerulosclerosis [62]. To further illustrate this balance,
Inoki et al. [63] hyper-activated podocyte selective mTORC1
in mice and observed podocyte damage and glomerular
lesions similar to the diabetic phenotype, including proteinur-
ia and mesangial expansion. These data are largely consistent
with the findings of Hartleben et al. [20] of aging mice with
podocyte-deficient ATG5 mentioned above, except the hyper-
active podocyte mTORC1 mice display podocyte overgrowth
as well. Conversely, inhibition of mTORC1 with rapamycin
largely suppresses these complications and thus the diabetic
phenotype [64, 65]. This may, in part, be due to re-activation
of homeostatic autophagy. Issues did arise when administering
rapamycin to patients, most notably increases in proteinuria
that was attributed to the podocytes [66]. It was thought that
long-term rapamycin may affect mTORC2 and actin cyto-
skeletal components required for podocyte slit diaphragm
structure, and indeed slit diaphragm and associated proteins
were down regulated with rapamycin [67]. Interestingly, deletion
of Raptor (mTORC1 specific) alone also resulted in glomerular
injury [68], suggesting a more complicated paradigm. Recently,

mTOR inhibition in podocytes was shown to suppress new lyso-
some formation, leading to an accumulation of autophagosomes
[69]. This again illustrates an interdependence of the catabolic
autophagy pathways with the anabolic mTOR pathways
(Figure 2).

SUMMARY

Autophagy carefully balances with anabolic nutrition cycles
and is required for cellular homeostasis and orgasm longevity.
Because of the natural circadian rhythm of this balancing act,
selective agonists or antagonists should also be administered
accordingly. Autophagy can also respond to cellular and
environmental stressors in the short term, but in the long term
a persistent demand of such selective and protective activities
may detract from the normal homeostatic processes of breaking
down old and damaged proteins and organelles to detoxify the
cell and generate new cellular building blocks. HFD and obesity
negatively affect the balance and response of these pathways.
What starts out as a protective mechanism of breaking down
LD in response to a lipid load, in animals maintained on a HFD
chronic lipophagy becomes deleterious in adipocytes. A similar
issue may arise in diabetes where podocytes shift from a high
autophagy, low mTOR status to low autophagy, high mTOR
status. Blunt inhibition of mTOR through either pharmacologic
or genetic means may prove beneficial in animal models, but
because of the interdependence of these pathways such inter-
vention may eventually negatively affect autophagy and increase
cellular stress in the long term. Patients may also be more
acutely sensitive to these therapeutic strategies if they already
have underlying health issues. In all, understanding the inter-
relationships of these pathways brings to light the beneficial
effects of diet and exercise in obese and diabetic patients.

Other forms of autophagy, including CMA [13], peroxi-
some selective autophagy, pexophagy [70], ER autophagy, reti-
culophagy, as well as several other proteins and pathways, such
as Sirt1 [71], can impact the catabolic anabolic balance but
have not been discussed due to length restrictions. I apologize
to colleagues whose work has not been cited due to these same
limitations.
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