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A B S T R A C T   

Autophagy, a self-degradative process vital for cellular homeostasis, plays a significant role in adipose tissue 
metabolism and tumorigenesis. This review aims to elucidate the complex interplay between autophagy, obesity, 
and cancer development, with a specific emphasis on how obesity-driven changes affect the regulation of 
autophagy and subsequent implications for cancer risk. The burgeoning epidemic of obesity underscores the 
relevance of this research, particularly given the established links between obesity, autophagy, and various 
cancers. Our exploration delves into hormonal influence, notably INS (insulin) and LEP (leptin), on obesity and 
autophagy interactions. Further, we draw attention to the latest findings on molecular factors linking obesity to 
cancer, including hormonal changes, altered metabolism, and secretory autophagy. We posit that targeting 
autophagy modulation may offer a potent therapeutic approach for obesity-associated cancer, pointing to 
promising advancements in nanocarrier-based targeted therapies for autophagy modulation. However, we also 
recognize the challenges inherent to these approaches, particularly concerning their precision, control, and the 
dual roles autophagy can play in cancer. Future research directions include identifying novel biomarkers, 
refining targeted therapies, and harmonizing these approaches with precision medicine principles, thereby 
contributing to a more personalized, effective treatment paradigm for obesity-mediated cancer.   

1. Introduction 

1.1. Background on obesity and cancer 

Globally, approximately one billion people are estimated to be obese 

by 2030, including 1 in 5 females and 1 in 7 males [77]. The prevalence 
of obesity, defined as a body mass index (BMI) greater than 30 kg/m2, is 
continuously increasing. Research supports the connection between 
obesity and cancer [59]. Several cancers have been associated with 
obesity, including cancer of the esophagus, breast, colon, rectum, 
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gallbladder, kidneys, liver, ovaries, pancreas, thyroid, upper stomach, 
and uterus, as well as meningioma and multiple myeloma [195]. Obesity 
has also been associated with poor prognoses for cancer patients and 
increased mortality rates [204]. Therefore, it is crucial to discuss obe-
sity’s role in cancer risk. The pathophysiological processes underlying 
the link between obesity and cancer are still not completely understood. 
Elevated lipid levels and attenuated lipid signaling, inflammatory re-
actions, insulin resistance, and adipokines are a few postulated path-
ways to explain the link between obesity and cancer [179]. Recent 
literature, however, points to macroautophagy (hereafter autophagy) as 
a potential link between cancer and obesity [82]. 

1.2. An overview of autophagy 

Autophagy is a conserved catabolic process that is implicated in 
various diseases [293]. Although autophagy is generally considered a 
cytoprotective mechanism, it is unclear whether it serves a protective or 
detrimental role in certain diseases [206,228]. Macroautophagy, 
microautophagy, and chaperone-mediated autophagy (CMA) are the 
three main subtypes of autophagy. 

There are several markers for various types of autophagy. BECN1 
(beclin 1), ATG5 (autophagy related 5), and ATG12 (autophagy related 
12) are regarded as early indicators of macroautophagy and are crucial 
in the context of cancer, where they can either suppress tumor growth or 
facilitate survival of cancer cells, particularly in the unique metabolic 
environment created by obesity [18,95,124,167]. Rapamycin, an in-
hibitor of MTOR (mechanistic target of rapamycin kinase), is a 
well-known macroautophagy activator and its role becomes even more 
significant considering the complex metabolic reprogramming in 
obesity-related cancer [252]. Macroautophagy can lead to cell death or 
cell survival (under stress and hypoxia) in diseases such as cancer [5,72, 
118]. This dichotomy is represented in Fig. 1 depicting how the cellular 
milieu in obesity may influence autophagic responses and subsequent 
cancer cell fate. 

By generating a phagophore, a compartment that sequesters cyto-
plasmic components and then matures into a double-membrane auto-
phagosome, macroautophagy is the most conserved, prevalent method 
for eliminating damaged organelles or unneeded proteins [7,6,92]. The 
second major type of autophagy is known as microautophagy, and it is a 
non-selective lysosomal breakdown mechanism in which the vacuole 
invaginates and internalizes the cytoplasmic components. The resulting 
lumenal vesicle will be degraded after budding into the lysosome lumen 
[172]. Microautophagy is divided into various subtypes, including 
micromitophagy, micronucleophagy, and micropexophagy. The lyso-
somal destruction of individual proteins is the focus of the third primary 
form of autophagy, chaperone-mediated autophagy (CMA). This auto-
phagy differs from the other two types because it degrades individual 
cytosolic proteins and does not form an intermediate sequestering 
vesicle; unfolded substrate proteins are translocated directly across the 
lysosomal membrane into the lumen [85,118] (Fig. 1). 

Overall, autophagy is a fundamental physiological pathway; how-
ever, in some cases, it is still unclear whether it is essential for cell 
survival or death, which appears to depend on cellular and environ-
mental factors that dictate the response to different stressors. 

1.3. Rationale for linking obesity, autophagy, and cancer 

1.3.1. Autophagy and obesity 
Obesity among humans is an imminent threat to health because it 

raises the risk of several pathological conditions, including sleep apnea, 
cancer, insulin resistance, diabetes mellitus, hypertension, and inflam-
mation. The essential role of autophagy in preserving cellular homeo-
stasis and organ function is being increasingly recognized. Metabolic 
illnesses, including obesity, insulin resistance, type 2 diabetes, and 
atherosclerosis, are thought to be linked to the dysregulation of auto-
phagy homeostasis [300]. 

Oxidative stress, a common feature in obesity, is influenced by the 
balance of reactive oxygen species (ROS) within cells. Under normal 

Fig. 1. Schematic representation of macroauotphagy, microautophagy, and chaperone-mediated autophagy. The components and compartments depicted here are 
not drawn to scale. 
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physiological conditions, moderate ROS levels are critical in maintain-
ing cellular homeostasis [103]. However, in the context of obesity, the 
equilibrium is often disrupted, leading to elevated oxidative stress with 
detrimental effects [51,169]. This imbalance is primarily due to excess 
nutrient intake, increased adipose tissue mass, and the resultant meta-
bolic disturbances, all characteristic of obesity [2,232]. Elevated ROS 
levels in obesity can induce oxidative damage to proteins, lipids, and 
DNA, contributing to cellular dysfunction [169]. Chronic oxidative 
stress, driven by persistent high ROS levels, is a key factor in the 
development of obesity-related complications. These include insulin 
resistance, systemic inflammation, endothelial dysfunction, and the 
progression of metabolic syndrome [79,171]. In essence, while ROS are 
essential for normal cellular functions, their excessive accumulation in 
obesity becomes a pathogenic factor, contributing to various compli-
cations. This crucial role of ROS in obesity-associated pathologies is 
supported by evidence linking oxidative stress with various 
obesity-related diseases [205]. It appears reasonable to hypothesize that 
the cell’s overall response, which is designed to combat excessive ROS 
generation, is influenced by the activation of autophagy. In situations of 
nutritional excess, autophagy is crucial for eliminating damaged mito-
chondria and reducing ROS generation. A temporary increase in ROS 

production appears necessary to trigger autophagy under conditions of 
food deficiency or during exercise [40,145,215,231]. ROS influence 
autophagy at different levels, including initiation (through direct or 
indirect ROS-mediated modulation of 5’-adenosine monophosphate 
[AMP]-activated protein kinase, AMPK, and MTOR complex 1 
[MTORC1]), nucleation (through CAV1 [caveolin 1] or PRKD [protein 
kinase D]-dependent activation of the PIK3C3/VPS34 [phosphatidyli-
nositol 3-kinase catalytic subunit type 3]-BECN1 complex), and expan-
sion (through ROS-dependent activation of ATG4 [autophagy related 4 
cysteine peptidase]) [205]. 

In adipose tissue (AT) from obese people, autophagy is increased. It 
has been demonstrated that triggering CASR (calcium sensing receptor) 
causes an increase in proinflammatory cytokines in preadipocytes. In 
addition, the expression of TNF/TNF-α (tumor necrosis factor), AT CASR 
expression, and AT autophagy are all connected. The level of body fat is 
closely correlated with CASR expression in visceral AT, and CASR acti-
vation may be a factor in the disruption of AT autophagy associated with 
obesity [175]. 

Obesity is linked to impaired autophagy in recent research. Lipid 
droplets in the liver and other organs contribute to obesity-related 
autophagy dysfunction. Lipid droplets may disrupt autophagic 

Fig. 2. Obesity and autophagy interaction. Obesity and autophagy are mutually dependent. Obesity enhances autophagy by increasing ER stress, inflammation, and 
ROS. Moreover, in high-nutrition conditions, obesity inhibits autophagy, and, in malnutrition, autophagy inhibits obesity. Furthermore, it has been observed that 
increasing ROS levels can modulate autophagy genes. ROS accounts for the induction of a detrimental lipogenic response (dependent on SREBF1/SREBP1 and FASN), 
contributing to or worsening the obese phenotype [187,207]. Abbreviations: BMI: body mass index; CASR: calcium sensing receptor; FASN: fatty acid synthase; ROS: 
reactive oxygen species; SREBF1/SREBP1: sterol regulatory element binding transcription factor 1; TNF: tumor necrosis factor. 
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machinery, impeding cellular component breakdown and recycling. 
Autophagy may be hindered by obesity-induced inflammation. Obesity- 
related autophagy malfunction may cause protein and organelle 
degradation, cellular dysfunction, and death. This may cause insulin 
resistance, type 2 diabetes, and other obesity-related issues. Thus, 
knowing the relationship between obesity and autophagy is crucial to 
creating therapies to enhance autophagy and prevent or cure obesity- 
related diseases. [187,300]. (Fig. 2). 

1.3.2. Autophagy and cancer 
Autophagy plays a pivotal role in the biology of cancer. This process 

is regarded as a tumor-suppressive mechanism during tumor initiation 
and malignant transformation. Eliminating damaged cells and organ-
elles limits the spread of the tumor and reduces genetic instability. 
Nevertheless, autophagy is also considered to offer protection to cancer 
cells. Cancer cells require cellular building blocks throughout their 
development to support their metabolism and generate energy. As a 
tumor grows, autophagy supplies all the required metabolic in-
termediates to meet the needs of the expanding tumor cells [16,19,132, 
182,228,240]. 

As previously documented, the AKT (AKT serine/threonine kinase)- 
MTOR pathway is used by oncogenes such as mutant TP53/p53 (tumor 
protein p53) to inhibit autophagy. As a result, autophagy and TP53 have 
antagonistic roles, which control cancer development [47]. BECN1 is 
one of the autophagy genes that function as a tumor suppressor, and it is 
reported to be deleted in 50–70% of breast tumors and up to 75% of 
ovarian malignancies [88,151]. It has also been established that EGFR 
(epidermal growth factor receptor) inhibits autophagy by binding to 
BECN1, which is involved in autophagic induction, allowing cancer cells 
to survive stressful situations. Cetuximab also blocks the translation of 
BECN1 by reducing MIR216B (microRNA 216b), suppressing EGFR. 
Deactivating EGFR causes cancer cells to produce more BECN1, which 
promotes autophagy [105]. Given these lines of evidence, autophagy 
may be associated with tumor suppression. 

By contrast, in support of the protective function of autophagy in the 
outcome of cancer cell treatments, it has been shown that tongue 
squamous cell carcinoma (TSCC) exhibits cisplatin resistance via acti-
vating autophagy. Chloroquine/CQ and BECN1 siRNA therapy of TSCC 
improve cisplatin sensitivity, demonstrating that autophagy suppression 
is a viable therapeutic target for TSCC [153]. Yet, it has also been shown 
that enhanced autophagic flux controls the ability of oral squamous cell 
carcinoma/OSCC to withstand cisplatin. The autophagic markers 
BECN1, ULK1 (unc-51 like autophagy activating kinase 1), ATG5, ATG7 
(autophagy related 7), and ATG14 (autophagy related 14) are elevated 
in FaDu-CDDP-R (FaDu cisplatin-resistant) cells. In the same context, it 
was discovered that ATG14-deficient Fadu cells have lower levels of the 
surface resistance marker CD44 (CD44 molecule (Indian blood group)) 
[185]. These findings suggest that autophagy could be linked to mech-
anisms of cell survival and chemoresistance of cancer cells. 

1.3.3. Obesity, autophagy, and cancer 
Obesity is a rapidly spreading epidemic that can cause severe path-

ological disorders and has recently been identified as a preventable risk 
factor for cancer. By modifying IGF (insulin like growth factor), LEP 
(leptin), and ADIPOQ (adiponectin, C1Q and collagen domain contain-
ing) signaling, obesity modulates the activation of AMPK and phos-
phoinositide 3-kinase (PI3K)-AKT/protein kinase B pathways to 
promote cancer cell survival, proliferation, metabolism, and genome 
stability. Inflammation, lipotoxicity, oxidative stress, and proteotoxicity 
brought on by obesity are all decreased by autophagy. Autophagy con-
trols various cellular metabolic processes and is impaired in obesity- 
related pathophysiology, which can lead to cancer [135]. 

Through various mechanisms, obesity-mediated cellular metabolic 
dysregulation reduces autophagy. Obesity may raise cancer risk by 
promoting systemic inflammation, changing the tumor microenviron-
ment (TME), and promoting angiogenesis, cell proliferation, invasion, 

and migration. LEP, ADIPOQ, IGF, and IL6 (interleukin 6) signaling are 
all modulated by obesity, which speeds up and maintains tumor growth 
[142,173,214]. 

Nutritional variables such as amino acids and growth factors can 
influence autophagy, as can negative and positive signaling from MTOR 
and AMPK, respectively. As MTOR is a regulator of ULK kinase, AMPK 
suppresses the MTOR pathway to upregulate autophagy by activating 
the ULK pathway. AMPK also activates BECN1 to increase autophagy. 
Autophagy is negatively regulated by PI3K-AKT signaling, which stim-
ulates the MTOR pathway. Additionally, MTOR is activated by the 
MAPK (mitogen-activated protein kinase) pathway to suppress auto-
phagy [102,114]. 

By activating MTOR and blocking the downstream ULK pathway 
(ULK1-ATG13-RB1CC1-ATG101), excess nutrition (glucose and amino 
acids) suppresses autophagy. High-nutrition conditions in obese people 
cause the PI3K-AKT pathway, an upstream MTOR activator that inhibits 
autophagy, to become activated. Autophagy is decreased by insulin 
resistance and hyperinsulinemia [135,157]. According to Zhang et al. 
[300], high blood sugar causes the activation of the INS-IGF-PI3K-AKT 
pathway, which in turn inhibits FOXO (forkhead box O) transcription 
factor-dependent autophagy [300]. IL1B (interleukin 1 beta) and IL18 
(interleukin 18) levels are raised in association with impaired auto-
phagy, which contributes to altered adipokines and inflammation of the 
adipose tissue [13,49,52,289]. 

Insulin is a potent growth factor that promotes tumorigenesis in both 
in vitro and in vivo models by inducing proliferation and inhibiting 
apoptosis in various benign and malignant cells [199]. Increased insulin 
levels have been independently linked to multiple malignancies in 
humans, including those most closely related to obesity, such as breast, 
colon, endometrial, and pancreatic cancers [29,122,164,235]. Breast, 
prostate, hepatic, and leukemic malignancies are only a few of the tu-
mors with elevated insulin receptor expression [50,76]. In vitro and in 
vivo cancer growth-stimulating hormone IGF1 (insulin like growth 
factor 1), primarily released by the liver, is also promoted by insulin 
[127,144]. IGF1 exerts its tropic effects by attaching to its receptor, 
IGF1R (insulin like growth factor 1 receptor), and INSR (insulin recep-
tor), both of which are overexpressed in many cancers and present in 
most normal cells [76]. Additionally, IGF1 stimulates angiogenesis, 
associated with cancer development [278]. 

A complex interaction exists between AMPK, MTOR, and autophagy 
levels. The expression of AMPK rises, and MTOR is inhibited under 
conditions of low dietary status. Additionally, autophagy can be directly 
triggered by AMPK. Autophagy increases and functions as a tumor 
suppressor due to the inactivation of MTOR. To prevent VEGFA 
(vascular endothelial growth factor A) from increasing tumor vascu-
larization, ADIPOQ stimulates the AMPK pathway. ADIPOQ levels 
decrease with obesity, increasing cancer development risk [139]. 
However, the MTOR-negative regulator AMPK is suppressed under 
conditions of excess nutrition. As a result, active MTOR may inhibit ULK 
kinase and cause a reduction in autophagy. MAPK, PI3K-AKT, and 
MTOR can all function as autophagy inhibitors. Additionally, the 
obesity-autophagy-cancer axis may enter into play through elevated LEP 
and insulin levels. Insulin resistance develops when the circulating 
blood contains higher insulin levels. The PI3K-AKT pathway is activated 
by insulin-IGFR signaling to mediate the anti-apoptotic pathway and 
advance tumor growth. Autophagy is prevented by PI3K-AKT pathway 
activation [60]. The activation of the insulin signaling pathways via the 
insulin receptor substrates IRS1 (insulin receptor substrate 1) and/or 
IRS2 and the PI3K-AKT pathway, as well as the nutrient sensors MTOR 
or the EIF2 (eukaryotic translation initiation factor 2) kinase 
EIF2AK4/GCN2 (eukaryotic translation initiation factor 2 alpha kinase 
4), may suppress autophagy in response to overnutrition (excess glucose 
or amino acids). FOXO transcription factors are either inhibited or 
inactivated by PI3K-AKT signaling, suppressing autophagy [300]. As 
autophagy is downregulated tumor growth is induced by LEP-mediated 
PI3K overexpression. Promoting angiogenesis, LEP causes the 
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production of the inflammatory cytokines TNF, IL6, and VEGF (vascular 
endothelial growth factor) [210]. LEP has an impact on the 
insulin-glucose axis and appetite. LEP induces anorexia in the hypo-
thalamus by inhibiting NPY (neuropeptide Y)-AGRP (agouti-related 
neuropeptide) neurons and activating POMC (proopiomelano-
cortin)-CARTPT (CART prepropeptide) neurons. LEP suppresses insulin 
synthesis and secretion from pancreatic beta cells in LEP-sensitive peo-
ple (normal people), whereas insulin increases LEP release from adipose 
tissue. Through the sympathetic nervous system/SNS, LEP enhances 
insulin sensitivity in the liver and increases glucose absorption in 

skeletal muscle tissue. Nevertheless, despite the rise in plasma LEP 
levels, LEP-resistant overweight people are resistant to LEP’s anorectic 
and weight-reducing effects. Hyperinsulinemia caused by LEP resistance 
raises plasma LEP levels [8,225]. The overview of autophagy and its 
impact on cancer development in the context of obesity is presented in  
Fig. 3. 

Fig. 3. Obesity increases the risk of developing cancer through impairing functioning autophagy. Autophagy rises and suppresses tumors when MTOR is inactivated. 
ADIPOQ/adiponectin activates AMPK to inhibit tumor vascularization by VEGFA. Obesity lowers ADIPOQ, increasing cancer risk. Overnutrition suppresses the 
MTOR-negative regulator AMPK. Thus, active MTOR may inhibit ULK kinase and reduce autophagy. MAPK, PI3K-AKT, and MTOR suppress autophagy. The obesity- 
autophagy-cancer axis may also enter into play via increased LEP and insulin. High blood insulin levels cause insulin resistance. Insulin-IGFR signaling activates the 
anti-apoptotic PI3K-AKT pathway to promote tumor development. PI3K-AKT pathway activation inhibits autophagy. In response to overnutrition, the insulin re-
ceptor substrates IRS1 and/or IRS2, the PI3K-AKT pathway, and the nutrient sensors MTOR and the EIF2 kinase EIF2AK4/GCN2 may suppress autophagy. FOXO 
transcription factors are repressed or inactivated by PI3K-AKT signaling, inhibiting autophagy. Autophagy is downregulated, and tumor development is promoted by 
LEP-mediated PI3K overexpression. LEP generates TNF, IL6, and VEGF to stimulate angiogenesis. LEP also affects appetite and insulin-glucose. 
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2. Obesity and cancer 

2.1. General overview 

Several extensive epidemiological studies have evaluated the asso-
ciation between obesity and mortality; a meta-analysis of 230 cohort 
studies, including > 3.74 million deaths among > 30.3 million partici-
pants, provided evidence that adiposity, measured by BMI, increases the 
risk of premature all-causes mortality [10]. Obesity is a risk factor for an 
expanding set of chronic diseases, such as cardiovascular disease, dia-
betes mellitus, chronic kidney disease, musculoskeletal disorders, and 
many types of cancer [250]. Primary prevention of overweight and 
obesity is, therefore, the most feasible and cost-effective alternative for 
disease prevention and all the associated complications, in particular in 
areas where healthcare resources are limited. 

The link between obesity and cancer is rather complex; several 
studies reported that obesity is associated with an augmented risk and an 
increase in mortality [30,204]. In addition, people with a higher BMI 
during their cancer diagnosis or who have survived cancer have higher 
risks of developing a second, unrelated malignancy [74,86,249]. 

2.2. Obesity-associated mechanisms contributing to tumorigenesis 

The higher cancer incidence and mortality associated with obesity 
have been explained by several mechanisms, including insulin resistance 
and hyperinsulinemia, alterations in the adipokine pathways and lipid 
signaling, and the general inflammatory status of the tissues. 

2.2.1. Insulin resistance and hyperinsulinemia 
The obesity epidemic goes in parallel with an augmented incidence 

of other disorders, such as metabolic syndrome, non-alcoholic fatty liver 
disease, and type 2 diabetes mellitus. All those metabolic abnormalities 
are linked to insulin resistance, a condition in which target tissues have 
decreased sensitivity to insulin, leading to elevated blood insulin and 
glucose levels. Insulin resistance triggers are genetic and environmental; 
several mutations in the insulin receptors and other mediators of the 
insulin pathway, even if rare, have been recognized as significant causes 
of insulin resistance, metabolic syndrome, and diabetes [22]. At the 
same time, excess visceral adipose tissue caused by sedentary life and 
food imbalances in genetically susceptible people is considered the main 
driver of insulin resistance worldwide. As a matter of fact, most obese 
subjects have insulin resistance that can be fully recovered after weight 
loss [89,217,233,247]. The main consequence of insulin resistance in 
patients is the development of hyperinsulinemia, the increased secretion 
of insulin by pancreatic β-cells to control blood glucose levels [194,201, 
254,256,295]. 

The human insulin prohormone consists of a precursor protein, a 
signal peptide, the A and B chains of insulin, and a connecting peptide 
called C-peptide. C-peptide and insulin are secreted in equimolar 
amounts from the pancreatic β-cells but in the plasma, insulin, and C- 
peptide exhibit remarkably different kinetics: insulin has a half-life of 
~2–3 min, while C-peptide has a half-life of ~30 min. Therefore, in 
clinical practice, C-peptide often replaces insulin as a marker for 
hyperinsulinemia [130,290] and has been extensively used to examine 
the risk of several cancers. Indeed, several reports demonstrated that 
individuals with high C-peptide or insulin levels have a higher risk of 
obesity-related and diabetes-related cancers, such as colorectal [121, 
166], breast [115], endometrial [65,66], liver [161,287], pancreatic 
[178,193], ovarian [200] and gastric [106] cancer, when compared 
with the control individuals with low levels of the same factor. Inter-
estingly, the Hoorn Study, a population-based study of glucose meta-
bolism in individuals aged 50–75 years, showed that individuals with 
increased proinsulin levels have a twofold risk of cancer mortality over 
20 years, suggesting that proinsulin levels may also have direct 
tumor-promoting effects [264]. Mechanistically, after ligand binding, 
INSR activates its tyrosine kinase and initiates downstream signaling, 

including the PI3K-AKT, MTOR, and RAS-MAPK pathways [143]. Insu-
lin can also bind to IGF1R, activating the mitogenic signaling pathways 
that promote cellular growth and proliferation [183]. 

2.2.2. The adipokine pathways 
Adipose tissue belongs to the class of connective tissues whose bodily 

functions include energy storage, thermal insulation, and immune and 
endocrine functions. In particular, the AT is the largest endocrine organ 
responsible for the secretion of several adipocyte-derived hormones, 
called adipokines, that are crucial in maintaining energy homeostasis 
[45,141]. Traditionally, LEP and ADIPOQ/adiponectin are the two most 
important adipokines associated with developing obesity-related cancer. 

LEP/OB, a 16-kDa adipocyte-derived adipokine, is currently 
considered a “satiety hormone.” Synthesis and secretion of LEP depend 
on the adipocyte’s mass and reflect the status of energy stores. Obesity 
significantly alters LEP regulation [279]. Like insulin, chronic over-
expression of LEP induces LEP resistance, resulting in increased circu-
lating LEP, called hyperleptinemia [208,218]. Augmented circulating 
LEP levels have been associated with increasing risk and incidence of 
several types of cancer, including prostate [108], breast [93,277], colon 
[67,68], thyroid [1,42], endometrial [32] and ovarian [211] cancer. 
Several pro-tumorigenic effects explain this association; LEP increases 
cancer cell proliferation, anti-apoptosis, cell migration and angiogen-
esis, self-renewal, and possibly resistance to chemotherapeutic treat-
ment [26,27,42,67,93]. 

ADIPOQ/adiponectin is a 30-kDa adipocyte complement-related 
protein, structurally similar to complement factor C1Q, and is the 
most abundant peptide secreted by adipocytes. ADIPOQ/adiponectin 
has several functions in human physiology, balancing glucose and lipid 
metabolism, insulin-sensitizing, anti-apoptotic, and immune regulatory 
effects [14]. Consistently, hypoadiponectinemia has been associated 
with obesity-related insulin resistance, type 2 diabetes, atherosclerosis, 
and coronary heart disease, as well as with a higher risk of various 
cancer types, thus being generally considered a beneficial adipokine [54, 
55,56,104,107,117,203,273]. 

2.2.3. Bioactive lipid signaling 
Signaling molecules and metabolites secreted by adipose and cancer 

tissues, especially in the obese state, are now recognized as important 
factors for cancer progression as they can stimulate anti-apoptotic ef-
fects, cell proliferation, angiogenesis, and migration through paracrine 
or autocrine interactions [191,202]. As a matter of fact, the enzymes 
responsible for the biosynthesis and breakdown of these signaling lipids 
are often dysregulated in cancer, thus acquiring oncogenic functions 
[78]. 

Sphingolipids comprise a wide range of complex lipids essential to all 
eukaryotic membranes [7,90]. The significant contributors to sphingo-
lipid signaling are ceramide and sphingosine-1-phosphate (S1P), which 
have divergent roles in regulating cell survival and growth [7,99,291]. 
Ceramide promotes growth arrest and apoptosis by activating mito-
chondrial permeabilization, releasing caspases into the cytosol, and 
activating apoptotic pathways [53,100]. By contrast, S1P promotes cell 
proliferation and survival by binding its receptor and suppressing CASP3 
(caspase 3) activity, thus preventing apoptosis [226]. Altered levels of 
ceramide and S1P and the modulation of several enzymes involved in 
sphingolipid metabolism have been detected in cancer, indicating the 
contribution of these pathways in cancer pathogenesis and progression 
[197]. 

Adipocyte-originated prostaglandins have been reported to regulate 
almost all the hallmarks of cancer. PTGS2/COX2/cyclooxygenase 2 
(prostaglandin-endoperoxide synthase 2) is a key enzyme responsible 
for the biosynthesis of prostaglandins from arachidonic acid and, in 
particular, prostaglandin E2/PGE2, which is one of the most abundant 
lipid mediators in the human body endowed with proinflammatory ac-
tivity. PTGS2/COX2 enzyme is frequently upregulated in cancer, and 
prostaglandin E2 is produced by many human solid tumors, including 
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colon, stomach, and breast cancers [25,111,133,180,184,245,246]. 
Lysophosphatidic acid (1- or 2-acyl-sn-glycerol 3-phosphate/radial- 

glycerol-phosphate [LPA]) is the smallest bioactive lipid produced 
during the synthesis of cell membranes. LPA induces several cellular 
responses by interacting with its six specific G protein-coupled LPAR 
(lysophosphatidic acid receptor) proteins [84]. The range of cellular 
effects caused by LPA and its receptors is hugely vast and varied and 
includes immediate morphological modifications, motility, chemotaxis, 
invasion, gap-junction closure, and tight-junction opening, as well as 
promotion of cell-cycle progression, sustained cell viability, wound 
healing, production of EDN (endothelin) and pro-angiogenic factors 
(VEGF, IL6, IL8 and CXCL1/GRO1 [C-X-C motif chemokine ligand 1]). 
Because of this broad range of cellular responses, LPA has been impli-
cated in the pathophysiology of several types of malignancies, such as 
ovarian, prostate, breast, melanoma, head and neck, bowel, and thyroid 
cancers [70,112,186,236,241,251,253,265,280,281]. 

2.2.4. Chronic Inflammation in Obesity and Cancer 
Obesity is accompanied by chronic subclinical inflammation, which 

mediates most of the associated systemic complications. Numerous 
factors originating from the inflamed adipose tissue have been 

implicated in the increased obesity-associated cancer risk; indeed, 
inflammation is a central component of tumor development and pro-
gression, as demonstrated by the presence of multiple inflammatory 
cells and mediators within the TME that sustain proliferative signaling, 
activate migration and metastasis, and promote angiogenesis [61,97]. 
Adipocytes and macrophages, which typically accumulate in tissues 
with increased adiposity, are the primary obesity-associated pro-in-
flammatory mediators producing TNF and IL6 pro-inflammatory cyto-
kines that favor tumor initiation and progression [125,170,192,219, 
270]. This activity is also exacerbated by the shift in the macrophage’s 
polarization from an anti-inflammatory “M2-like” phenotype to a more 
pro-inflammatory “M1-like” phenotype in obese AT, which can be 
explained by the imbalance in the LEP: ADIPOQ/adiponectin ratio [35, 
165,227]. However, the contribution to the obesity-associated inflam-
matory status is not restricted to macrophages. Still, alterations in many 
immune populations, responsible for both adaptive and innate immu-
nity, have been associated with obesity, such as an augmented Th1 cell 
response [275], CD8+ cytotoxic T cell response [192], natural killer 
(NK) cells [220] and a decreased number of regulatory T cells [75]. 
CD8+ T cells accumulate in the AT in the early phase of the development 
of obesity and promote M1 macrophage infiltration via CXCR3 signaling 

Fig. 4. Obesity-mediated cancer progression. It is possible to consider obesity and cancer progression as intimate friends because of their close interplay. Five factors 
facilitate cancer progression: cancer cell growth, EMT (epithelial-mesenchymal transition), stemness, metastasis, and chemoresistance. As a result of obesity, these 
factors can change. One of the important characteristics of obesity is hyperinsulinemia. Cancer cells can progress by activating insulin resistance (IR) and IGF1 
(insulin like growth factor 1) pathways. Moreover, adipokines released by adipocytes modulate inflammation and glucose/lipid metabolism. A bioactive lipid 
signaling pathway, such as that involving prostaglandins and sphingolipids, can also regulate cancer progression. Chronic inflammation is common to both cancer 
cells and obesity. Inflammatory factors influence cancer progression, including TNF (tumor necrosis factor), and IL6, and macrophage polarization. 
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[69,129]. 
Chronic inflammation significantly contributes to the development 

of other chronic illnesses, such as obesity and cancer. Obesity leads to 
chronic inflammation due to the excessive build-up of adipose tissue, 
which generates pro-inflammatory cytokines. Cytokines can harm cells 
and tissues, resulting in insulin resistance. Chronic inflammation may 
facilitate the proliferation and metastasis of cancer cells. For example, 
inflammatory cells can generate growth factors that promote the pro-
liferation of cancer cells. Additionally, they may provide a conducive 
environment for cancer cells to infiltrate and spread to other parts of the 
body [248] (Fig. 4). 

3. The role of autophagy in obesity-mediated cancer progression 

3.1. Autophagy and metabolic reprogramming in obese tissues 

In obese tissues, metabolic reprogramming is a fundamental adap-
tive response that aims to cope with altered nutrient availability and 
energy demands [271]. Autophagy plays an essential role in this 
reprogramming by maintaining cellular homeostasis through the 
degradation and recycling of damaged organelles and misfolded pro-
teins, which is especially critical in the context of energy excess and 
oxidative stress common in obesity [224]. 

One of the most significant adaptations in energy metabolism in 
obesity is the shift toward utilizing fatty acids as a primary energy source 
[6,239,272]. This is partly due to the excessive storage of lipids in adi-
pose tissue, leading to increased lipid availability. Autophagy is instru-
mental here, as it helps in the turnover of lipid droplets through a 
specific process called lipophagy, a form of selective autophagy that 
facilitates the mobilization of stored lipids for fatty acid oxidation [243]. 
In this context, a relevant study by Agostinis and colleagues [177] has 
shown that autophagy is vital for lymphatic endothelial cells/LECs in 
managing lipid accumulation and preserving mitochondrial function, 
which is essential for lymphangiogenesis; this process is also crucial in 
obesity [159]. 

3.1.1. The role of PPARGC1A/PGC-1α 
PPARGC1A (PPARG coactivator 1 alpha) is a master regulator of 

mitochondrial biogenesis and is critical in enhancing mitochondrial 
oxidative metabolism [305]. PPARGC1A is upregulated in response to 
energy stress conditions, such as during high-fat feeding [268,98]. In 
this regard, PPARGC1A expression increases in white adipose tissue/-
WAT of nfe2l2/nrf2-/ (NFE2 like bZIP transcription factor 2) mice fed 
with a high-fat diet [234], which exacerbates oxidative stress in fat cells 
[174]. In addition, PPARGC1A can enhance mitochondrial fatty acid 
oxidation, which is crucial for dealing with lipid excess in obesity [41, 
113]. 

Interestingly, PPARGC1A has also been linked to the regulation of 
autophagy. In particular, PPARGC1A can promote the expression of 
autophagy-related genes, indicating a potential role in facilitating se-
lective mitochondrial turnover and quality control through a process 
known as mitophagy, especially under conditions of metabolic stress in 
obesity [261]. In a study by Salazar et al., it was found that PPARGC1A 
upregulates autophagy and reduces senescence in vascular smooth 
muscle cells through an SQSTM1 (sequestosome 1)-dependent mecha-
nism, highlighting the critical interplay between mitochondrial regula-
tion and autophagy in cellular aging [229]. Along these lines, Zhang 
et al. demonstrated that PPARGC1A, which is upregulated in dermal 
fibroblasts in systemic sclerosis, promotes autophagy and facilitates 
fibroblast activation and collagen production, suggesting a potential 
therapeutic target for fibrotic diseases through modulation of the 
PPARGC1A and autophagy pathways [301]. 

However, although PPARGC1A is typically upregulated in response 
to a high-fat diet, it is interesting that its expression can be differentially 
modulated depending on the tissue and context. For instance, a study by 
Barroso et al. found that a high-fat diet reduces hepatic PPARGC1A 

expression in mice and induces liver inflammation through suppression 
of the regulation effects of PPARGC1A on the NFKB/NF-κB (nuclear 
factor kappa B) pathway, which is integral to inflammation [15]. In 
addition, Zhang et al. revealed that repression of PPARGC1A in retinal 
pigment epithelium (RPE), especially under conditions of a high-fat diet, 
is associated with abnormalities resembling age-related macular 
degeneration/AMD, implicating the importance of PPARGC1A in 
maintaining mitochondrial function and autophagic dynamics in the 
retina [298]. These findings suggest that regulating PPARGC1A 
expression in response to a high-fat diet can be tissue-specific and have 
diverse implications for metabolic reprogramming and cellular func-
tions across different tissues. It is worth noting that the differential 
modulation of PPARGC1A expression in other tissues under conditions 
of a high-fat diet, as observed by Barroso et al. in the liver and by Zhang 
et al. in the RPE, suggests that the role of PPARGC1A in autophagy 
regulation may also be tissue specific. In the liver, reduced PPARGC1A 
expression might impede the autophagy process. In contrast, in the RPE, 
repression of PPARGC1A can hinder mitochondrial turnover through 
mitophagy, leading to compromised mitochondrial function and the 
onset of age-related macular degeneration. These observations highlight 
the complex interplay between PPARGC1A, autophagy, and metabolic 
programming in different tissues, emphasizing the need for targeted 
approaches in therapeutic interventions. 

3.1.2. The role of AMPK 
AMPK is the cellular energy sensor activated in response to a 

depletion in cellular energy levels [81,299]. In the context of obesity, 
where there is an energy surplus but often a functional energy deficiency 
at the cellular level, AMPK helps restore energy homeostasis [181]. 
Many studies highlight the central role of AMPK in regulating fatty acid 
metabolism, which is crucial for addressing obesity and insulin resis-
tance. In this regard, the compound Yhhu981 activates AMPK, thus 
significantly enhancing fatty acid oxidation while inhibiting fatty acid 
synthesis, which could have implications for managing insulin resis-
tance and obesity by modulating lipid metabolism [294]. 

Similarly, another compound, glabridin, activates AMPK and reduces 
adiposity and hyperlipidemia in obese rodents by suppressing lipogenic 
gene expression and promoting fatty acid oxidation and mitochondrial 
activity, suggesting a model where AMPK activation is central to 
improving fatty acid metabolism [140]. 

However, AMPK stimulates fatty acid oxidation and inhibits path-
ways consuming energy, making it a key player in cellular energy ho-
meostasis [58]. Its activation in adipose tissue is particularly interesting 
because it reduces fatty acid efflux and promotes local fatty acid 
oxidation, which may have therapeutic potential in treating insulin 
resistance and obesity. A study by Boyle et al. reveals that metformin, a 
common drug for type 2 diabetes, activates AMPK in human AT, leading 
to the reduction in ACAC/ACC (acetyl-CoA carboxylase) protein levels, 
which is critical in fatty acid synthesis [23]. Interestingly, Gallic et al. 
found the ACAC regulation by AMPK has implications for appetite 
control. Indeed, mice with mutations that prevent AMPK from inhibiting 
ACAC show reduced appetite in response to metabolic stress [80]. 

Notably, AMPK is also a master regulator of autophagy. By phos-
phorylating several autophagy-related proteins, AMPK links energy 
sensing to the autophagic process [94,128,296]. In obese tissues, this 
regulation of autophagy by AMPK can be speculated to work in tandem 
with its roles in fatty acid oxidation and synthesis. 

AMPK could optimize the mitochondrial capacity for oxidizing fatty 
acids by facilitating the removal of damaged mitochondria through 
mitophagy activation and possibly promoting the biogenesis of new 
mitochondria [237,306]. In obesity, where excessive nutrient intake can 
lead to mitochondrial stress and dysfunction [213], AMPK-mediated 
mitophagy could be crucial for maintaining mitochondrial quality con-
trol, as an efficient mitochondrial network is fundamental for fatty acid 
oxidation [147]. This might be particularly relevant in counteracting the 
lipid overload observed in obese tissues by enhancing the ability to 
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convert stored fats into usable energy. Conversely, by inhibiting 
anabolic pathways like fatty acid synthesis, AMPK ensures that the en-
ergy and resources are directed towards catabolic processes, including 
autophagy and fatty acid oxidation. 

It is tempting to speculate that AMPK might be a metabolic sensor 
orchestrating a coordinated response to obesity-induced stress. By 
stimulating autophagy and mitophagy, AMPK could promote the 
removal of damaged organelles and supports a metabolic shift towards 
energy conservation. This, coupled with suppressing fatty acid synthesis, 
could represent a concerted effort to realign metabolic pathways toward 
homeostasis in obese patients. The regulatory activities of AMPK, from 
the enhancement of fatty acid oxidation to the modulation of systemic 
energy expenditure are illustrated in Fig. 5. In summary, AMPK forms a 
comprehensive network that combats the metabolic challenges pre-
sented by obesity. By inhibiting fatty acid synthesis, AMPK may 
modulate the cell’s metabolic response towards equilibrium, mitigating 
the adverse effects of nutrient excess. 

3.1.3. AMPK-PPARGC1A-UCP2 axis 
Based on what was discussed above, the tightly coordinated axis of 

AMPK-PPARGC1A-UCP2 (uncoupling protein 2) emerges as a critical 
regulator of metabolic reprogramming and autophagy in obese tissues, 
influencing energy homeostasis, inflammation, and protection against 
cellular stress. UCP2 is an inner mitochondrial membrane protein 
belonging to the uncoupling protein family responsible for lowering 
mitochondrial membrane potential and dissipating metabolic energy to 
prevent oxidative stress accumulation. The role of UCP2 in metabolic 

reprogramming in obesity is carried out mainly through its ability to 
uncouple mitochondrial respiration from ATP synthesis, essentially 
dissipating energy as heat [64]. This can be protective in obesity as it 
reduces ROS production, which is often elevated due to excess nutrient 
availability. UCP2 is also intimately involved in regulating energy 
metabolism by modulating ATP production and proton leak in the inner 
mitochondrial membrane. In adipose tissue, UCP2 expression is influ-
enced by adipokines such as LEP and ADIPOQ/adiponectin, which are 
involved in energy homeostasis and inflammation [168]. UCP2 also 
plays a role in thermogenesis, which leads to increased energy utiliza-
tion and decreased fat accumulation [33]. 

AMPK has been described to activate PPARGC1A through phos-
phorylation at threonine 177 and serine 538 in skeletal muscle [119]. 
Irrcher et al. showed that the activation of AMPK through 5-aminoimi-
dazole-4-carboxamide ribonucleotide/AICAR increases PPARGC1A 
promoter activity and mRNA expression in skeletal muscle, with the 
effect mediated by an overlapping GATA/EBox (GATA binding protein) 
binding site in the PPARGC1A promoter, involving USF1 (upstream 
transcription factor 1) as a key transcription factor [116]. This activa-
tion of PPARGC1A through multiple mechanisms is essential as it leads 
to mitochondrial biogenesis and the orchestration of antioxidant re-
sponses, which are of notable importance in the metabolically stressed 
environment of obesity [11]. 

UCP2 is yet another player that takes part in this axis. PPARGC1A, 
being a potent coactivator, stimulates the transcription of UCP2. In this 
regard, a study by Oberkofler et al. reveals that PPARGC1A enhances the 
activation of the human UCP2 gene by thyroid hormone in insulinoma 

Fig. 5. The Central Role of AMPK in Cellular Energy Homeostasis and Response to Obesity. 5’ AMP-activated protein kinase (AMPK) regulates cellular energy 
metabolism. When energy levels are low, AMPK is activated. The activated AMPK initiates a series of reactions that increase energy production and decrease energy 
consumption. AMPK plays various roles, including regulating glucose and lipid metabolism, promoting fatty acid oxidation, inhibiting protein synthesis, promoting 
autophagy, and regulating mitochondrial biogenesis. However, obesity can inhibit AMPK and reduce ADIPOQ/adiponectin released in obesity, which leads to 
reduced AMPK activity. Overall, AMPK contributes to the maintenance of cellular energy balance and the overall health of the metabolic system. 
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INS-1E beta-cells, a process involving specific regulatory elements, 
suggesting that UCP2, similarly regulated in rats and humans, plays a 
role in modulating insulin secretion [196]. The role of UCP2 in uncou-
pling mitochondrial respiration is especially relevant in obesity, where 
the tissue faces an abundance of nutrients and increased ROS. Through 
UCP2, energy is dissipated as heat, which tackles excessive ROS pro-
duction, mitigates metabolic stress, and promotes anti-inflammatory 
pathways. 

The AMPK-PPARGC1A-UCP2 axis also plays a significant role in the 
regulation of autophagy. The redox-sensitive nature of autophagy [48] 
implies that the antioxidant responses facilitated by this axis can 
modulate autophagic processes. Given that autophagy is essential for 
recycling cellular components and maintaining cellular homeostasis, its 
regulation through this axis can be crucial for coping with the metabolic 
challenges presented by obesity. 

In conclusion, the coordinated interplay between AMPK, 
PPARGC1A, and UCP2 forms a robust regulatory axis for metabolic 
reprogramming, autophagy, and inflammation control in obesity. Un-
derstanding the intricacies of this axis may open avenues for targeted 
therapies not only for obesity and its associated complications but also 
for metabolic disorders and cancer, where this axis may play a pivotal 
role. Future sections will delve specifically into the implications of 
autophagy in obesity-related metabolic regulation and cancer. 

3.2. Autophagy in obesity-associated tumorigenesis 

3.2.1. Focus on nutrient sensing and MTOR 
In obesity, the nutrient-rich environment poses an important chal-

lenge for cellular regulatory mechanisms. As a critical nutrient sensor, 
MTOR becomes hyperactive in response to the overabundance of 
glucose and amino acids. In this regard, several studies revealed the 
molecular mechanisms by which nutrient availability—in the context of 
obesity—fosters MTOR activation and the subsequent suppression of 
autophagy, setting the stage for cellular damage and tumorigenesis. For 
instance, Gulati et al. [91] showed that excess levels of circulating amino 
acids, common in obesity, lead to MTORC1 activation through an in-
crease in intracellular calcium, which subsequently enhances the bind-
ing of calcium-CALM (calmodulin) to an evolutionarily conserved motif 
in PIK3C3/VPS34, a class III phosphatidylinositol 3-kinase, critical for 
lipid kinase activity [91]. In another study, Um et al. revealed that 
RPS6KB1/S6K1 (ribosomal protein S6 kinase B1), an effector of MTOR, 
is sensitive to amino acids, and its activation through amino acid influx 
can lead to insulin resistance by negatively affecting insulin signaling 
through MTOR-RPS6KB1 phosphorylation of IRS1 [259]. In the same 
vein of investigation, Cho et al. demonstrated that synergistic activation 
of MTORC1 through growth factor and nutrient signaling results in 
pronounced hepatocyte damage, indicative of oxidative stress and DNA 
damage, aligning with features of obesity-associated liver failure [43]. 
This hyperactivation of MTOR has been directly associated with the 
suppression of autophagy in different models [149,269,284], which may 
be protective against tumorigenesis by maintaining cellular homeostasis 
and preventing the accumulation of damaged organelles and proteins. 

Several studies shed light on how MTOR activation may alter in-
flammatory responses, thereby facilitating the establishment of a pro- 
tumoral environment. In a survey by Sedda et al., it was observed that 
in celiac disease, which is characterized by chronic inflammation, there 
is an increased expression of active MTOR in the epithelial compartment 
of the duodenum, and this upregulation is correlated with enhanced 
production of inflammatory cytokines [238]. Extending this concept, Liu 
et al. elucidated the link between MTOR activation and immunosup-
pression, showing that high MTORC1 activity in tumors leads to upre-
gulation of the immune checkpoint CD276/B7-H3 (CD276 molecule), 
contributing to an immunosuppressive microenvironment that is 
favorable to tumor growth [156]. Furthermore, Laberge et al. demon-
strated that rapamycin, an MTOR inhibitor, selectively reduces the 
proinflammatory phenotype of senescent cells, often associated with 

age-related pathologies, including cancer [136]. This finding indicates 
that the inhibition of MTOR can suppress senescence-associated 
inflammation, which might have implications for ameliorating cancer. 

Combining these insights, it is evident that the hyperactivation of 
MTOR due to excess nutrients in obesity suppresses autophagy and 
stimulates a proinflammatory environment. This inflammation, immu-
nosuppression, and cellular senescence create a milieu that facilitates 
tumorigenesis. Targeting MTOR and its associated pathways could be 
pivotal in managing obesity-associated cancer by restoring autophagy 
and mitigating inflammation. 

3.2.2. Focus on autophagy 
In the context of obesity, an excess of nutrients inhibits autophagy 

via the MTOR pathway. This inhibition of autophagy in obese in-
dividuals has multifaceted consequences that contribute to establishing 
a pro-tumoral microenvironment. The adipose tissue in obese in-
dividuals undergoes functional alterations. It deregulates the secretion 
of bioactive factors such as hormones, cytokines, and adipokines, which 
foster an inflammatory microenvironment conducive to tumorigenesis. 
ADIPOQ/adiponectin and LEP play pivotal roles in modulating auto-
phagy among the adipokines. For instance, Li et al. [148] demonstrated 
that ADIPOQ/adiponectin inhibits autophagy in retinal endothelial cells 
under high-glucose conditions by promoting the PI3K-AKT-MTOR 
pathway. 

Conversely, LEP, as shown by Cassano et al. [34], inhibits autophagy 
in human CD4+ IL2RA/CD25- conventional T cells through the activa-
tion of the MTOR pathway. Interestingly, another study [87] indicates 
that LEP can induce autophagy in adipocytes in a cell-type-specific 
manner. The altered secretion and modulation of adipokines such as 
LEP and ADIPOQ/adiponectin in obesity can foster chronic inflamma-
tion [260]. This chronic inflammation creates a tissue microenviron-
ment rich in growth factors, cytokines, and chemokines, which not only 
supports inflammatory cell recruitment but contributes to the DNA 
damage and cell proliferation that underlie tumor development [302]. 
Notably, adipokines have been described to orchestrate the sophisti-
cated vascular network, leading to angiogenesis [24,262]. In this regard, 
overexpression of the adipokine RARRES2/chemerin (retinoic acid re-
ceptor responder 2) is associated with tumor angiogenesis and poor 
clinical outcome in squamous cell carcinoma of the oral tongue [266]. 
Furthermore, the complex interplay between adipokines and autophagy 
contributes to the deregulation of cellular homeostasis; it may promote 
tumorigenesis by enabling the survival of damaged cells that would 
normally be removed via autophagy. This mechanism becomes partic-
ularly relevant as obesity alters adipokine levels and, thereby, influences 
the local microenvironment, which may, in turn, encourage the initia-
tion and progression of tumors [82]. 

In obese tissue, autophagy plays a critical role in suppressing 
inflammation. Indeed, studies reported that autophagy could act as a 
negative feedback mechanism that attempts to limit inflammation by 
reducing the expression and secretion of proinflammatory cytokines, 
which, in the context of obesity, may lead to chronic low-grade 
inflammation referred to as “metabolic endotoxemia” [190]. In this re-
gard, it was found that inducing autophagy in HUVEC cells with rapa-
mycin decreases the expression of inflammatory cytokines and reduces 
inflammation-induced cell death, suggesting potential therapeutic ben-
efits in psoriasis [304]. In another study focused on bone marrow 
mesenchymal stem cells [303], the activation of autophagy counteracts 
the inhibition of osteogenic differentiation induced by inflammation, 
indicating a protective role of autophagy against inflammation-induced 
bone loss. 

Hence, in the context of obesity, autophagy is inhibited due to an 
excess of nutrients, and the anti-inflammatory effects of autophagy may 
be compromised. This may affect adipose tissue mass and homeostasis, 
potentially altering immune responses and leading to sustained 
inflammation within the AT. A pro-inflammatory state is maintained 
with altered secretion of adipokines, which modulate autophagy. This 
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chronic inflammation and the deregulated autophagy in the AT of obese 
individuals contribute to establishing a pro-tumoral microenvironment. 
Such an environment is conducive to DNA damage and uncontrolled cell 
proliferation, crucial factors in tumor development and progression. 
Therefore, the interplay among obesity, autophagy, adipokines, and 
inflammation is central to understanding the underlying mechanisms of 
obesity-associated cancer. 

Interestingly, autophagy is also critical in regulating the innate im-
mune system. Yang et al. delve into the interplay between autophagy 
and the TME, particularly emphasizing tumor-infiltrating immune cells. 
Within the TME, the intercommunication between immune mediators 
and autophagy orchestrates a complex network that is decisive for tumor 
immunity and the functioning of tumor-infiltrating immune cells [286]. 
Autophagy shapes the anti-cancer immune response by modulating the 
development and functionality of natural killer cells. NK cells are innate 
lymphoid cells crucial in the immune response against viral infections 
and cancer through their cytotoxic and secretory functions. Impaired NK 
cell physiology plays a role in obesity-associated diseases [12]. Activa-
tion of autophagy supports NK cell maturation and enhances their 
antiviral and anticancer activity [71,267]. In contrast, autophagy inhi-
bition leads to mitochondrial damage, overproduction of ROS, and 
regulated cell death, interrupting NK cell development. These events 
could foster a pro-tumoral phenotype [163]. 

Macrophages play a key role in obesity, as adipose tissue expansion 
alters the balance between pro- and anti-inflammatory macrophages, 
fueling chronic low-grade inflammation [288]. Critically, Yang et al. 
shed light on the central role of autophagy in governing macrophage 
differentiation and polarization within the TME. Macrophages in the 
TME are dichotomized into the “M1-like” phenotype, which is geared 
towards anti-cancer immunity, and the “M2-like” phenotype, which, by 
contrast, propels tumor progression through immunosuppression [286]. 
It has been demonstrated that impaired macrophage autophagy due to 
excessive lipid accumulation in obesity significantly amplifies innate 
immune activation, setting the stage for the obesity-associated pro-in-
flammatory state [158]. In addition, macrophages with impaired auto-
phagy shift towards pro-inflammatory M1 polarization while 
suppressing the anti-inflammatory M2 phenotype, which fuels systemic 
inflammation and has been linked to liver injury under high-fat diet 
conditions [158,187]. 

In the obese microenvironment, where autophagy is impaired due to 
MTOR activation, there is a clear trend towards differentiating macro-
phages into the pro-tumoral M2 phenotype. The diminished autophagy, 
coupled with changes in adipokines and the low-grade chronic inflam-
mation characteristic of obesity, creates a setting that promotes the 
polarization of macrophages toward the M2 phenotype. This type of 
polarization is linked to poor prognosis in various cancers, including 
gastric and pancreatic [285,297]. In particular, M2 macrophages have 
been associated with promoting tumor proliferation and metastasis and 
altering the expression of critical immune-related genes. 

This aligns with the observation that inhibited CMA orchestrates the 
recruitment of inflammatory T cells, a signature move in the proin-
flammatory playbook characteristic of obesity [297]. When intertwined 
with compromised autophagy and distorted adipokine profiles, such a 
proinflammatory milieu forges a hotbed for tumor transformation and 
progression within the obese microenvironment. 

Autophagy has a multifaceted and stage-dependent relationship with 
the immune response in the context of cancer. While autophagy is 
essential for various functions of immune cells, its role in cancer is 
complex. Generally, autophagy inhibition can lead to a pro-tumoral 
immune system. However, in some contexts, counteracting autophagy 
can also facilitate antitumor responses, such as promoting immunogenic 
cell death [62,83]. 

The intricate relationships between autophagy, macrophage polari-
zation, and the TME highlight the multifaceted nature of obesity- 
associated cancer development. Autophagy, known to have anti- 
inflammatory effects, can be inhibited in the context of obesity, 

leading to immune reprogramming that favors tumor development. 
Understanding this complexity is vital for developing targeted therapies, 
especially for cancer patients who are obese. Integrating therapies that 
modulate autophagy with immunotherapies might be crucial in treating 
cancers that are associated with obesity. 

Autophagy is critical for maintaining metabolic homeostasis and 
cellular integrity in adipocytes, as demonstrated by the observation that 
its impairment leads to inflammation, insulin resistance, and metabolic 
syndrome [28,131,221]. 

Inhibition of autophagy is increasingly recognized as a critical factor 
contributing to DNA damage and compromised DNA repair mecha-
nisms, directly affecting cellular integrity and oncogenic trans-
formation. In this regard, autophagy is intrinsically linked to DNA repair 
through the error-free process of homologous recombination. When 
autophagy is impaired, cells increasingly rely on the error-prone 
nonhomologous end joining for DNA double-strand break repair, accu-
mulating genomic damage and senescence-like phenotypes [123,155]. 
Autophagy inhibitors hinder DNA damage repair, resulting in elevated 
levels of the DNA double-strand break marker γ-H2AX (H2A.X variant 
histone). This suggests that autophagy is protective in maintaining 
genomic integrity, especially in response to radiation-induced DNA 
damage [230]. 

Although these studies broadly address the impact of autophagy 
inhibition on DNA repair mechanisms and genomic integrity in various 
cellular models, it is conceivable that similar mechanisms apply to ad-
ipocytes, especially in obesity. Indeed, in obesity, adipocytes are subject 
to metabolic stress, which might render them more susceptible to DNA 
damage, especially when autophagy is impaired. In these circumstances, 
the adipocytes can undergo oncogenic transformation. 

As mentioned in the previous section, the defective autophagy in 
adipocytes during obesity can contribute to the perturbation of key 
metabolic regulators such as PPARGC1A, AMPK, and UCP2, which are 
involved in mitochondrial biogenesis, energy homeostasis, and ROS 
regulation. The loss of PPARGC1A-regulated mitochondrial function and 
AMPK activity due to impaired autophagy exacerbates oxidative stress; 
this situation favors a metabolic profile akin to the Warburg effect, 
characterized by enhanced glycolysis and is frequently observed in 
cancer cells [57,209]. 

The interplay between autophagy, ROS accumulation, insulin resis-
tance, and adipocyte tumorigenesis forms a complex cascade of events. 
Autophagy is critical in clearing damaged organelles, such as mito-
chondria and long-lived proteins. Inhibition of autophagy in adipocytes 
leads to the accumulation of dysfunctional mitochondria, which, in turn, 
produce excessive ROS, contributing to oxidative stress [48,120,146]. 

In obesity, characterized by an excess energy delivery to adipose 
tissue, ROS have been implicated in the onset and progression of insulin 
resistance. Different sources of ROS, including mitochondria and nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidases such as 
NOX4 (NADPH oxidase 4) and CYBB/NOX2 (cytochrome b-245 beta 
chain), contribute to the increased oxidative stress in obesity [96]. 
NOX4 is predominant in the early stages, transitioning to CYBB/NOX2 
and eventually to mitochondria-derived ROS in the later stages of 
obesity. Furthermore, obesity is coupled with augmented NADPH oxi-
dase expression and decreased antioxidant enzyme expression [79]. This 
increased ROS affects the production of adipocytokines, which in turn 
sustain the inflammatory and pro-tumoral environment. 

Hyperinsulinemia, a hallmark of insulin resistance, is linked to 
cancer through various mechanisms [9]. Elevated insulin and IGF1 
levels contribute to cellular proliferation and inhibit apoptosis. More-
over, the increased oxidative stress in accumulated fat due to ROS 
overproduction is an early trigger of metabolic syndrome, which has a 
strong association with tumorigenesis. This is attributed to the role of 
ROS in linking high energy intake, increased cell proliferation, and 
suppression of apoptosis to cancer risks [63]. Finally, autophagy 
depletion has been directly connected with establishing insulin resis-
tance in obese patients [134,282]. 
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These studies provide insight into the intricate relationship between 
autophagy, ROS accumulation, insulin resistance, and adipocyte cancer. 
The inhibition of autophagy leads to the accumulation of dysfunctional 
mitochondria and ROS, which, in turn, contributes to oxidative stress. 
This oxidative stress is a significant factor in developing insulin resis-
tance, linked to an increased risk of tumorigenesis. Understanding these 
interlinked pathways is crucial for identifying novel therapeutic targets 
for obesity-related metabolic disorders and cancer (Fig. 6). 

4. Targeting autophagy as a therapeutic strategy for obesity- 
driven cancer 

Given the elucidation of autophagy’s multifaceted role in obesity and 
tumor transformation, it is imperative to explore the prospects of tar-
geting autophagy for preventing obesity-driven cancer [46,205,300]. In 
this regard, there is a growing consensus that autophagy holds promise 
as a therapeutic target. In the obese microenvironment, autophagy is 
often compromised, thus leading to immune reprogramming, inflam-
mation, ROS induction, and other critical aspects described above. 
Therefore, we hypothesize the possibility of counteracting 
obesity-mediated tumorigenesis by overstimulating autophagy. 

To put this in context, a body of literature suggests that interventions 
with the propensity to induce autophagy have demonstrated efficacy 
against obesity [126]. These interventions span lifestyle changes, such 
as caloric restriction, low-calorie diets, physical exercise, and surgical 
and pharmacological options. For instance, rapamycin, an MTORC1 
inhibitor, has been singled out as an autophagy activator with 
anti-obesity properties [31]. Treatment with rapamycin has demon-
strated the potential to alleviate excessive body fat accumulation and 
rectify liver damage in preclinical models [37,138,222]. However, a 

low benefit:risk ratio curtails the implementation of pharmacological 
strategies, including the use of rapamycin, and raises concerns about 
exacerbating ROS production [20,276]. As summarized by Pietracola 
and Bravo-San-Pedro, a plethora of other agents, such as L-carnitine, 
polyamines, zinc, and phenolic compounds such as gallic acid and 
resveratrol, have emerged as pro-autophagic substances [205]. These 
compounds promise to mitigate obesity and related liver damage by 
promoting autophagy. For example, L-carnitine is a free-radical scav-
enger that stimulates autophagy and corrects high-fat-diet-induced 
mitochondrial dysfunction [44,212]. Moreover, compounds such as 
spermidine and zinc activate autophagy, and, when supplemented, they 
have resulted in body weight reduction and improved obesity-related 
parameters [109,152,154,160]. 

It is essential to address the complexities that emerge in targeting 
autophagy for obesity-driven cancer. MTOR inhibitors, such as rapa-
mycin, have feedback mechanisms in the PI3K-AKT signaling pathway 
[198,223]. Whereas MTOR plays a role in diverse cancer processes, 
activating AKT by MTOR inhibitors can limit their clinical effectiveness. 
However, recent studies have indicated that combining MTOR inhibitors 
with other antitumor drugs can surmount this limitation. For example, 
combination therapy of the VEGF inhibitor lenvatinib and everolimus, 
an MTOR inhibitor, has shown promise in advanced or metastatic renal 
cell carcinoma/RCC [274]. This finding illustrates that combination 
therapies involving autophagy modulation may offer enhanced anti-
tumor efficacy. 

However, clinical applications of MTOR inhibitors are limited due to 
poor water solubility and biodistribution [4]. Nanocarriers can improve 
the delivery of rapamycin and other bioactive drugs, specifically to 
adipose tissue or adipocytes. Indeed, to prevent obesity-mediated 
tumorigenesis, targeting AT is critical as this is where many of the 

Fig. 6. Autophagy and obesity-mediated cancer progression. PPARGC1A, key for mitochondrial function and autophagy, when dysregulated in obesity, can lead 
to metabolic disorders and cellular damage, increasing cancer risk. Similarly, impaired AMPK function in obesity disrupts autophagy and energy regulation, 
contributing to cellular damage that fosters cancer development. Dysfunctional UCP2 in obesity further exacerbates mitochondrial dysfunction and oxidative stress, 
promoting cellular damage and the potential for cancer progression. 
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pro-tumorigenic signals may originate. Specifically, targeting the AT 
with autophagy modulators could help in altering the microenviron-
ment that supports tumor growth. 

Several strategies have been developed or are under investigation to 
achieve specific delivery of drugs or nanomedicines to fat tissues. These 
include:  

i) Lipophilic carriers: Because AT mainly comprises lipid cells, 
using lipophilic carriers with an affinity for lipids can be an 
approach to accumulate the drug in fat tissues preferentially. For 
instance, liposomes and other lipid-based nanoparticles can be 
formulated to be more likely to be taken up by AT [38,73,137, 
307].  

ii) Peptide targeting: Certain peptides have been found to have a 
natural affinity for AT. Attaching these peptides to the surface of 
drug-loaded nanoparticles makes it possible to direct the nano-
particles to accumulate preferentially in AT. For example, the 
AP2 peptide has been identified as having a high affinity for AT 
and has been used to target drugs to fat deposits [255,257,283]. 

iii) Hormone receptor targeting: Adipose tissues have specific hor-
mone receptors, such as those for insulin and LEP. Therapeutic 
agents or nanomedicines can be engineered to bind to these re-
ceptors, which ensures that adipocytes selectively take them up. 
For instance, insulin-mimetic agents have been developed that 
bind to insulin receptors on adipocytes, allowing for targeted 
drug delivery to AT [101,258].  

iv) Fatty acid transporter targeting: Adipocytes express specific fatty 
acid transport proteins/FATPs. Therapeutics can be designed to 
be taken up by these transporters. For example, drug molecules 
can be conjugated to fatty acids recognized by these transporters, 
leading to enhanced uptake by AT [110]. 

v) Microbubble and ultrasound combination: This technique in-
volves encapsulating the therapeutic agent within microbubbles, 
which are then injected into the bloodstream. Focused ultrasound 
is applied to the target area (where the AT is located), causing the 
microbubbles to vibrate and release the drug directly into the AT 
[17,39].  

vi) Local administration: For subcutaneous AT, local administration 
methods such as subcutaneous injection or transdermal patches 
loaded with drug-containing nanoparticles can deliver thera-
peutics directly to the site of interest [150]. 

The utility of such nanocarriers for delivering autophagy modulators 
is highlighted by several preclinical studies explored in the last few years 
[162]. For instance, ABI-009 is an ALB (albumin)-bound nanoparticle 
formulation of rapamycin that holds promise in enhancing the delivery 
of autophagy modulators. In preclinical models, this nano-drug shows 
increased tumor accumulation and enhanced anti-tumor effects 
compared to free rapamycin [263]. Several clinical trials are underway 
investigating the efficacy of ABI-009 in combination with other agents 
for advanced sarcomas, metastatic colorectal cancer, and other malig-
nancies [176,189,188]. The nanoparticle encapsulation helps achieve a 
more targeted delivery, potentially reducing side effects and increasing 
the drug’s efficacy. This finding indicates that a focused approach to-
wards the modulation of autophagy using combination therapies and 
advanced drug delivery systems such as nanoparticles could be instru-
mental in combating obesity-driven cancer. 

AMPK is another target for activating autophagy. Metformin, an 
AMPK activator, is widely used in treating type 2 diabetes and has 
shown promise in reducing cancer risk [21]. However, like rapamycin, 
metformin’s application can be limited due to its distribution and 
pharmacokinetics [292]. Nanoparticles loaded with metformin or other 
AMPK activators can improve drug delivery to specific tissues [3,36]. In 
the context of obesity, where there is often an altered metabolic state, 
targeting AMPK via nanocarriers might enhance the activation of 
autophagy in a more controlled manner, potentially reducing the 

pro-tumorigenic environment [242]. 
However, it is important to consider that targeting autophagy is a 

double-edged sword, especially in cancer. In some cases, autophagy may 
protect against tumor development; in others, it may promote tumor 
survival and growth [244]. Hence, the nanocarriers must be designed 
precisely to target specific pathways and cellular processes without 
inducing unwanted effects [162]. 

For obesity-mediated tumorigenesis, using nanocarriers can provide 
several benefits [242]. They allow for targeted delivery, which means 
that drugs can be delivered specifically to the tumor cells or tissues 
affected by obesity, thus minimizing side effects. This is especially 
important as drugs that affect autophagy and cellular metabolism may 
have systemic effects. Additionally, encapsulation in nanocarriers can 
also provide better control over the release of the drug, allowing for 
sustained release over time, which might be beneficial in managing 
chronic conditions such as obesity and cancer [242]. 

Therefore, the innovative use of nanocarriers targets autophagy 
pathways, crucial within the obesity-cancer nexus. This precise delivery 
of therapeutic agents to tumor cells influenced by obesity can mitigate 
systemic side effects and enhance treatment efficacy (Fig. 7). The tar-
geted strategy employed by nanocarriers addresses the complex inter-
play of cellular metabolism and autophagy in obesity-associated 
tumorigenesis. Furthermore, the controlled drug release potential of 
nanocarriers is critical for the sustained treatment of obesity-related 
cancers. Despite these advantages, nanocarriers also display some 
challenges, including off-target effects and drug stability, which are vital 
for clinical translation [162]. The integration of nanocarrier technology 
in treatment regimens is a promising avenue to improve drug delivery 
specificity and efficacy in obesity-mediated cancer progression, aligning 
with the therapeutic goal of modulating autophagy, a key factor in 
cancer’s metabolic reprogramming. 

It is important to note that while these nanocarrier-based approaches 
are promising, they also present challenges, including the potential for 
off-target effects, the stability of the therapeutic agents, and the need to 
control the release and dosage of the drug carefully. Research and 
development in this field are essential for optimizing these delivery 
methods for clinical applications. 

In conclusion, nanocarriers offer an innovative and promising 
approach to delivering autophagy-modulating agents and combination 
therapies. This could be particularly beneficial in tackling obesity- 
mediated tumorigenesis by ensuring targeted, controlled, and efficient 
drug delivery. Further research and clinical trials are required to assess 
the safety, efficacy, and best strategies for implementing nanocarrier- 
based therapies in clinical practice. (Fig. 7). 

5. Concluding remarks and future directions 

The function of autophagy in cancer and obesity is addressed in this 
review as the intersection of pathways associated with obesity and 
autophagy regulation during tumor growth, maintenance, and pro-
gression. We argue that insulin and LEP levels influence the obesity- 
autophagy-cancer axis and the signaling mechanisms that control it. In 
addition, recent research on the molecular factors that relate obesity to 
cancer was discussed. These factors include changed hormone levels, 
altered metabolism, and secretory autophagy. In this review, we have 
emphasized some of the most important research results on the roles of 
autophagy in tumor microenvironments and obesity-mediated cancer 
development. Finally, we discussed the evidence in favor of targeting 
autophagy as a treatment approach for obesity-associated cancer, given 
the substantial correlations between autophagy and obesity-related 
cancer. 

Future research should identify novel biomarkers to better predict 
obesity-associated cancers’ onset and progression. With the known 
impact of autophagy on obesity and cancer, there is a need to unravel the 
underlying mechanisms and discover the unique markers that can be 
targeted therapeutically. Identifying such biomarkers will not only help 
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in the early detection of disease but also in monitoring treatment 
response and predicting prognosis [216]. In addition, studying the 
impact of well-known and emerging autophagy modulators on such 
biomarkers can also guide the development of targeted therapies. 

In this sense, the field of nanomedicine offers promising avenues for 
developing targeted therapies. The ability to encapsulate autophagy 
modulators in nanocarriers and deliver them precisely to adipose tissues 
or tumors could significantly enhance their therapeutic efficacy while 
minimizing systemic side effects. Although initial preclinical studies are 
promising, more research is needed to optimize these delivery systems 
and thoroughly evaluate their safety and effectiveness in diverse models 
[242]. The challenge lies in achieving precise control over drug delivery 

and release and ensuring the therapeutic agents’ stability and activity. 
In the era of precision medicine, the focus is shifting toward indi-

vidualized treatments tailored to each patient’s unique genetic and 
metabolic profiles. Given the heterogeneity of obesity and cancer, it is 
crucial to integrate our knowledge of autophagy, adipose tissue biology, 
and cancer biology into a precision medicine framework [28,205]. Un-
derstanding how individual variations in autophagy-related genes or 
metabolic pathways influence the response to autophagy modulators 
could allow for more personalized and effective treatment strategies. 
However, this integration is not without challenges; it requires 
comprehensive and high-resolution patient data, sophisticated compu-
tational models to predict treatment responses, and interdisciplinary 

Fig. 7. Targeting Autophagy in Obesity-Driven Cancer Using Nanocarriers. Autophagy is disrupted in the obese microenvironment, causing immunological 
reprogramming, inflammation, ROS production, and other important factors. Overstimulating autophagy may prevent obesity-mediated carcinogenesis. AMPK 
activation or MTOR inactivation may cause overstimulation. Nanoparticle encapsulation targets medication delivery, possibly lowering adverse effects and 
improving effectiveness. This suggests that combination therapy and nanoparticle-based drug delivery methods might help treat obesity-driven cancer by modulating 
autophagy. Nanocarriers may help obesity-mediated carcinogenesis. They provide targeted delivery of medications to tumor cells or obesity-related organs, reducing 
adverse effects. Drugs that influence autophagy and cellular metabolism may have systemic consequences, making this crucial. Encapsulation in nanocarriers may 
also improve medication release control, allowing for continuous release over time, which may help treat chronic diseases like obesity and cancer. These nanocarrier- 
based techniques are intriguing but have drawbacks, such as off-target effects, therapeutic agent stability, and the need to carefully manage medication release 
and dose. 
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collaborations to translate these insights into clinical practice. 
Finally, we should note that there remains controversy and 

complexity surrounding the role of autophagy in cancer and obesity. In 
some cases, autophagy may protect against tumor development; in 
others, it may promote tumor survival and growth [244]. The manipu-
lation of autophagy for therapeutic purposes must be done carefully, 
considering these dual roles. The interplay between autophagy, obesity, 
and cancer is multifaceted and dependent on many factors, which re-
quires a nuanced and highly individualized approach. Further research 
in this field is crucial to unravel the complexities and pave the way for 
innovative, effective, and safe therapeutic strategies for 
obesity-associated cancers. 

CRediT authorship contribution statement 

Amir Barzegar Behrooz (A.B.B.): Conceptualization, Writing- 
Original draft preparation, Writing – review & editing, 
Figure preparation. Marco Cordani (M.C.): Conceptualization, Writing- 
Original draft preparation, Writing – review & editing. Alessandra 
Fiore (A.F.): Writing-Original draft preparation, Writing – review & 
editing. Massimo Donadelli (M.D.): Writing-Original draft prepara-
tion, Writing – review & editing. Joseph W Gordon (J.W.G.): Writing – 
review & editing, Supervision. Daniel J Klionsky (D.J.K.): Writing – 
review & editing, Supervision. Saeid Ghavami (S.G.): Conceptualiza-
tion, Writing-Review and Editing, Supervision. All authors read and 
approved the final manuscript. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

No data was used for the research described in the article. 

Acknowledgments 

A.F. was supported by the Associazione Italiana per la Ricerca sul 
Cancro (AIRC, Project: 27080). M.D. was supported by NextGener-
ationEU (PNRR “HEAL ITALIA – Health Extended Alliance for Innova-
tive Therapies, Advanced Lab-research, and Integrated Approaches of 
Precision Medicine”, project: PE00000019, CUP: B33C22001030006), 
Directorial Decree No. 1559 of 11 October 2022; and by Italian Ministry 
of Health, HUB Diagnostica Avanzata PNC-E3–2022-23683266 
PNCHLS-DA. M.C. is supported with a Ramón y Cajal contract 
(RYC2021–031003-I) from the Spanish Ministry of Science and Inno-
vation, Agencia Estatal de Investigación (MCIN/AEI/10.13039/ 
501100011033), European UnionNextGeneration (EU/PRTR) and 
Complutense University of Madrid. D.J.K. was funded by NIH grant 
GM131919. SG was funded by CancerCare Manitoba Operating grant 
(763117252). 

References 

[1] M. Akinci, F. Kosova, B. Cetin, S. Aslan, Z. Ari, A. Cetin, Leptin levels in thyroid 
cancer, Asian J. Surg. 32 (4) (2009) 216–223. 
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S. Männistö, D. Albanes, R.Z. Stolzenberg-Solomon, Higher Glucose and Insulin 
Levels Are Associated with Risk of Liver Cancer and Chronic Liver Disease 
Mortality among Men without a History of Diabetes, Cancer Prev. Res (Philos. ) 9 
(11) (2016) 866–874. 
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[260] X. Unamuno, J. Gómez-Ambrosi, A. Rodríguez, S. Becerril, G. Frühbeck, 
V. Catalán, Adipokine dysregulation and adipose tissue inflammation in human 
obesity, Eur. J. Clin. Invest 48 (9) (2018) e12997. 

[261] A. Vainshtein, E.M. Desjardins, A. Armani, M. Sandri, D.A. Hood, PGC-1α 
modulates denervation-induced mitophagy in skeletal muscle, Skelet. Muscle 5 
(2015) 9. 

[262] M. Vliora, C. Ravelli, E. Grillo, M. Corsini, A.D. Flouris, S. Mitola, The impact of 
adipokines on vascular networks in adipose tissue, Cytokine Growth Factor Rev. 
69 (2023) 61–72. 

[263] A.J. Wagner, V. Ravi, R.F. Riedel, K. Ganjoo, B.A. Van Tine, R. Chugh, L. Cranmer, 
E.M. Gordon, J.L. Hornick, H. Du, B. Grigorian, A.N. Schmid, S. Hou, K. Harris, D. 
J. Kwiatkowski, N.P. Desai, M.A. Dickson, nab-Sirolimus for Patients With 
Malignant Perivascular Epithelioid Cell Tumors, J. Clin. Oncol. 39 (33) (2021) 
3660–3670. 

[264] I. Walraven, E. van ’t Riet, C.D. Stehouwer, B.C. Polak, A.C. Moll, J.M. Dekker, 
G. Nijpels, Fasting proinsulin levels are significantly associated with 20 year 
cancer mortality rates. The Hoorn Study, Diabetologia 56 (5) (2013) 1148–1154. 

[265] J. Wang, Y. Sun, J. Qu, Y. Yan, Y. Yang, H. Cai, Roles of LPA receptor signaling in 
breast cancer, Expert Rev. Mol. Diagn. 16 (10) (2016) 1103–1111. 

[266] N. Wang, Q.J. Wang, Y.Y. Feng, W. Shang, M. Cai, Overexpression of chemerin 
was associated with tumor angiogenesis and poor clinical outcome in squamous 
cell carcinoma of the oral tongue, Clin. Oral. Invest. 18 (3) (2014) 997–1004. 

[267] S. Wang, P. Xia, G. Huang, P. Zhu, J. Liu, B. Ye, Y. Du, Z. Fan, FoxO1-mediated 
autophagy is required for NK cell development and innate immunity, Nat. 
Commun. 7 (2016) 11023. 

[268] S.W. Wang, H. Sheng, Y.F. Bai, Y.Y. Weng, X.Y. Fan, L.J. Lou, F. Zhang, 
Neohesperidin enhances PGC-1α-mediated mitochondrial biogenesis and 
alleviates hepatic steatosis in high fat diet fed mice, Nutr. Diabetes 10 (1) (2020) 
27. 

[269] Y. Wang, X. Zhang, W. Tang, Z. Lin, L. Xu, R. Dong, Y. Li, J. Li, Z. Zhang, X. Li, 
L. Zhao, J.J. Wei, C. Shao, B. Kong, Z. Liu, miR-130a upregulates mTOR pathway 
by targeting TSC1 and is transactivated by NF-κB in high-grade serous ovarian 
carcinoma, Cell Death Differ. 24 (12) (2017) 2089–2100. 

[270] S.P. Weisberg, D. McCann, M. Desai, M. Rosenbaum, R.L. Leibel, A. 
W. Ferrante Jr., Obesity is associated with macrophage accumulation in adipose 
tissue, J. Clin. Invest 112 (12) (2003) 1796–1808. 

[271] X. Wen, B. Zhang, B. Wu, H. Xiao, Z. Li, R. Li, X. Xu, T. Li, Signaling pathways in 
obesity: mechanisms and therapeutic interventions, Signal Transduct. Target 
Ther. 7 (1) (2022) 298. 

[272] Y.A. Wen, X. Xing, J.W. Harris, Y.Y. Zaytseva, M.I. Mitov, D.L. Napier, H.L. Weiss, 
B. Mark Evers, T. Gao, Adipocytes activate mitochondrial fatty acid oxidation and 
autophagy to promote tumor growth in colon cancer, Cell Death Dis. 8 (2) (2017) 
e2593. 

[273] C. Weyer, T. Funahashi, S. Tanaka, K. Hotta, Y. Matsuzawa, R.E. Pratley, P. 
A. Tataranni, Hypoadiponectinemia in obesity and type 2 diabetes: close 
association with insulin resistance and hyperinsulinemia, J. Clin. Endocrinol. 
Metab. 86 (5) (2001) 1930–1935. 

[274] A.J. Wiele, T.K. Bathala, A.W. Hahn, L. Xiao, M. Duran, J.A. Ross, E. Jonasch, A. 
Y. Shah, M.T. Campbell, P. Msaouel, N.M. Tannir, Lenvatinib with or Without 
Everolimus in Patients with Metastatic Renal Cell Carcinoma After Immune 
Checkpoint Inhibitors and Vascular Endothelial Growth Factor Receptor-Tyrosine 
Kinase Inhibitor Therapies, Oncologist 26 (6) (2021) 476–482. 

[275] S. Winer, Y. Chan, G. Paltser, D. Truong, H. Tsui, J. Bahrami, R. Dorfman, 
Y. Wang, J. Zielenski, F. Mastronardi, Y. Maezawa, D.J. Drucker, E. Engleman, 
D. Winer, H.M. Dosch, Normalization of obesity-associated insulin resistance 
through immunotherapy, Nat. Med 15 (8) (2009) 921–929. 

[276] Y. Woo, H.J. Lee, J. Kim, S.G. Kang, S. Moon, J.A. Han, Y.M. Jung, Y.J. Jung, 
Rapamycin Promotes ROS-Mediated Cell Death via Functional Inhibition of xCT 
Expression in Melanoma Under γ-Irradiation, Front Oncol. 11 (2021) 665420. 

[277] M.H. Wu, Y.C. Chou, W.Y. Chou, G.C. Hsu, C.H. Chu, C.P. Yu, J.C. Yu, C.A. Sun, 
Circulating levels of leptin, adiposity and breast cancer risk, Br. J. Cancer 100 (4) 
(2009) 578–582. 

[278] Y. Wu, S. Yakar, L. Zhao, L. Hennighausen, D. LeRoith, Circulating insulin-like 
growth factor-I levels regulate colon cancer growth and metastasis, Cancer Res 62 
(4) (2002) 1030–1035. 

[279] M. Würfel, M. Blüher, M. Stumvoll, T. Ebert, P. Kovacs, A. Tönjes, J. Breitfeld, 
Adipokines as Clinically Relevant Therapeutic Targets in Obesity, Biomedicines 
11 (5) (2023). 

[280] Y. Xie, T.C. Gibbs, Y.V. Mukhin, K.E. Meier, Role for 18:1 lysophosphatidic acid as 
an autocrine mediator in prostate cancer cells, J. Biol. Chem. 277 (36) (2002) 
32516–32526. 

[281] Y. Xu, X.J. Fang, G. Casey, G.B. Mills, Lysophospholipids activate ovarian and 
breast cancer cells, Biochem J. 309 (Pt 3) (1995) 933–940. Pt 3. 

[282] Y. Xu, Q. Zhou, W. Xin, Z. Li, L. Chen, Q. Wan, Autophagy downregulation 
contributes to insulin resistance mediated injury in insulin receptor knockout 
podocytes in vitro, PeerJ 4 (2016) e1888. 

[283] Y. Xue, X. Xu, X.Q. Zhang, O.C. Farokhzad, R. Langer, Preventing diet-induced 
obesity in mice by adipose tissue transformation and angiogenesis using targeted 
nanoparticles, Proc. Natl. Acad. Sci. USA 113 (20) (2016) 5552–5557. 

[284] Y. Xue, H. Han, L. Wu, B. Pan, B. Dong, C.C. Yin, Z. Tian, X. Liu, Y. Yang, 
H. Zhang, Y. Chen, J. Chen, iASPP facilitates tumor growth by promoting mTOR- 
dependent autophagy in human non-small-cell lung cancer, Cell Death Dis. 8 (10) 
(2017) e3150. 

[285] T. Yamaguchi, S. Fushida, Y. Yamamoto, T. Tsukada, J. Kinoshita, K. Oyama, 
T. Miyashita, H. Tajima, I. Ninomiya, S. Munesue, A. Harashima, S. Harada, 
H. Yamamoto, T. Ohta, Tumor-associated macrophages of the M2 phenotype 
contribute to progression in gastric cancer with peritoneal dissemination, Gastric 
Cancer 19 (4) (2016) 1052–1065. 

[286] T. Yang, Y. Zhang, J. Chen, L. Sun, Crosstalk between autophagy and immune cell 
infiltration in the tumor microenvironment, Front Med (Lausanne) 10 (2023) 
1125692. 

A.B. Behrooz et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref231
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref231
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref231
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref232
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref232
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref232
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref232
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref233
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref233
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref233
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref233
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref233
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref234
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref234
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref234
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref235
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref235
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref236
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref236
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref236
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref236
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref237
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref237
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref237
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref237
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref238
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref238
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref238
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref239
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref239
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref239
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref240
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref240
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref240
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref241
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref241
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref242
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref242
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref243
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref243
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref243
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref244
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref244
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref245
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref245
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref245
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref246
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref246
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref246
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref246
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref247
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref247
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref247
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref247
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref248
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref248
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref248
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref248
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref249
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref249
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref249
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref249
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref249
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref249
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref250
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref250
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref251
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref251
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref251
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref252
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref252
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref252
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref253
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref253
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref254
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref254
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref254
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref255
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref255
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref256
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref256
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref256
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref257
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref257
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref257
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref258
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref258
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref258
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref259
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref259
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref259
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref259
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref259
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref260
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref260
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref260
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref261
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref261
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref262
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref262
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref262
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref263
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref263
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref263
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref264
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref264
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref264
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref264
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref265
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref265
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref265
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref265
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref266
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref266
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref266
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref267
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref267
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref267
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref268
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref268
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref268
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref268
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref269
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref269
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref269
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref269
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref270
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref270
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref270
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref270
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref270
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref271
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref271
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref271
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref271
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref272
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref272
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref272
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref273
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref273
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref273
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref274
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref274
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref274
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref275
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref275
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref275
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref276
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref276
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref276
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref277
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref277
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref278
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref278
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref278
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref279
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref279
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref279
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref280
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref280
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref280
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref280
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref281
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref281
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref281
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref281
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref281
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref282
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref282
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref282


Seminars in Cancer Biology 99 (2024) 24–44

44

[287] J. Yin, N.D. Freedman, Y. Liu, S.M. Dawsey, H. Yang, P.R. Taylor, L. Yin, B. Liu, 
J. Cui, J. Fan, W. Chen, Y. Qiao, C.C. Abnet, Associations between serum glucose, 
insulin, insulin resistance and the risk of incident primary liver cancer or chronic 
liver disease mortality: a nested case-control study, Br. J. Cancer 128 (2) (2023) 
275–284. 

[288] W. Ying, W. Fu, Y.S. Lee, J.M. Olefsky, The role of macrophages in obesity- 
associated islet inflammation and β-cell abnormalities, Nat. Rev. Endocrinol. 16 
(2) (2020) 81–90. 

[289] Y.S. Yoon, A.R. Kwon, Y.K. Lee, S.W. Oh, Circulating adipokines and risk of 
obesity related cancers: A systematic review and meta-analysis, Obes. Res Clin. 
Pr. 13 (4) (2019) 329–339. 

[290] G.L. Yosten, G.R. Kolar, The Physiology of Proinsulin C-Peptide: Unanswered 
Questions and a Proposed Model, Physiol. (Bethesda) 30 (4) (2015) 327–332. 

[291] M.M. Young, M. Kester, H.G. Wang, Sphingolipids: regulators of crosstalk 
between apoptosis and autophagy, J. Lipid Res 54 (1) (2013) 5–19. 

[292] D.M. Zake, J. Kurlovics, L. Zaharenko, V. Komasilovs, J. Klovins, E. Stalidzans, 
Physiologically based metformin pharmacokinetics model of mice and scale-up to 
humans for the estimation of concentrations in various tissues, PLoS One 16 (4) 
(2021) e0249594. 

[293] A. Zarrabi, D. Perrin, M. Kavoosi, M. Sommer, S. Sezen, P. Mehrbod, B. Bhushan, 
F. Machaj, J. Rosik, P. Kawalec, S. Afifi, S.M. Bolandi, P. Koleini, M. Taheri, 
T. Madrakian, M.J. Los, B. Lindsey, N. Cakir, A. Zarepour, K. Hushmandi, 
A. Fallah, B. Koc, A. Khosravi, M. Ahmadi, S. Logue, G. Orive, S. Pecic, J. 
W. Gordon, S. Ghavami, Rhabdomyosarcoma: Current Therapy, Challenges, and 
Future Approaches to Treatment Strategies, Cancers (Basel) 15 (21) (2023). 

[294] H.L. Zeng, S.L. Huang, F.C. Xie, L.M. Zeng, Y.H. Hu, Y. Leng, Yhhu981, a novel 
compound, stimulates fatty acid oxidation via the activation of AMPK and 
ameliorates lipid metabolism disorder in ob/ob mice, Acta Pharm. Sin. 36 (3) 
(2015) 343–352. 

[295] A.M.Y. Zhang, E.A. Wellberg, J.L. Kopp, J.D. Johnson, Hyperinsulinemia in 
Obesity, Inflammation, and Cancer, Diabetes Metab. J. 45 (3) (2021) 285–311. 

[296] D. Zhang, W. Wang, X. Sun, D. Xu, C. Wang, Q. Zhang, H. Wang, W. Luo, Y. Chen, 
H. Chen, Z. Liu, AMPK regulates autophagy by phosphorylating BECN1 at 
threonine 388, Autophagy 12 (9) (2016) 1447–1459. 

[297] J. Zhang, J. Huang, Y. Gu, M. Xue, F. Qian, B. Wang, W. Yang, H. Yu, Q. Wang, 
X. Guo, X. Ding, J. Wang, M. Jin, Y. Zhang, Inflammation-induced inhibition of 

chaperone-mediated autophagy maintains the immunosuppressive function of 
murine mesenchymal stromal cells, Cell Mol. Immunol. 18 (6) (2021) 1476–1488. 

[298] M. Zhang, Y. Chu, J. Mowery, B. Konkel, S. Galli, A.C. Theos, N. Golestaneh, Pgc- 
1α repression and high-fat diet induce age-related macular degeneration-like 
phenotypes in mice, Dis. Model Mech. 11 (9) (2018). 

[299] S. Zhang, H. Sheng, X. Zhang, Q. Qi, C.B. Chan, L. Li, C. Shan, K. Ye, Cellular 
energy stress induces AMPK-mediated regulation of glioblastoma cell 
proliferation by PIKE-A phosphorylation, Cell Death Dis. 10 (3) (2019) 222. 

[300] Y. Zhang, J.R. Sowers, J. Ren, Targeting autophagy in obesity: from 
pathophysiology to management, Nat. Rev. Endocrinol. 14 (6) (2018) 356–376. 

[301] Y. Zhang, L. Shen, H. Zhu, K. Dreissigacker, D. Distler, X. Zhou, A.H. Györfi, 
C. Bergmann, X. Meng, C. Dees, T. Trinh-Minh, I. Ludolph, R. Horch, A. Ramming, 
G. Schett, J.H.W. Distler, PGC-1α regulates autophagy to promote fibroblast 
activation and tissue fibrosis, Ann. Rheum. Dis. 79 (9) (2020) 1227–1233. 

[302] H. Zhao, L. Wu, G. Yan, Y. Chen, M. Zhou, Y. Wu, Y. Li, Inflammation and tumor 
progression: signaling pathways and targeted intervention, Signal Transduct. 
Target Ther. 6 (1) (2021) 263. 

[303] J. Zheng, Y. Gao, H. Lin, C. Yuan, Keqianzhi, Enhanced autophagy suppresses 
inflammation-mediated bone loss through ROCK1 signaling in bone marrow 
mesenchymal stem cells, Cells Dev. 167 (2021) 203687. 

[304] L. Zhou, J. Wang, H. Hou, J. Li, J. Li, J. Liang, J. Li, X. Niu, R. Hou, K. Zhang, 
Autophagy Inhibits Inflammation via Down-Regulation of p38 MAPK/mTOR 
Signaling Cascade in Endothelial Cells, Clin. Cosmet. Invest. Dermatol. 16 (2023) 
659–669. 

[305] Q. Zhou, H. Xu, L. Yan, L. Ye, X. Zhang, B. Tan, Q. Yi, J. Tian, J. Zhu, PGC-1α 
promotes mitochondrial respiration and biogenesis during the differentiation of 
hiPSCs into cardiomyocytes, Genes Dis. 8 (6) (2021) 891–906. 

[306] H. Zong, J.M. Ren, L.H. Young, M. Pypaert, J. Mu, M.J. Birnbaum, G.I. Shulman, 
AMP kinase is required for mitochondrial biogenesis in skeletal muscle in 
response to chronic energy deprivation, Proc. Natl. Acad. Sci. USA 99 (25) (2002) 
15983–15987. 

[307] Y. Zu, H. Overby, G. Ren, Z. Fan, L. Zhao, S. Wang, Resveratrol liposomes and 
lipid nanocarriers: Comparison of characteristics and inducing browning of white 
adipocytes, Colloids Surf. B Biointerfaces 164 (2018) 414–423. 

A.B. Behrooz et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref283
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref283
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref283
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref283
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref283
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref284
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref284
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref284
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref285
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref285
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref285
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref286
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref286
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref287
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref287
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref288
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref288
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref288
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref288
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref289
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref289
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref289
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref289
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref289
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref289
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref290
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref290
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref290
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref290
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref291
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref291
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref292
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref292
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref292
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref293
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref293
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref293
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref293
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref294
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref294
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref294
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref295
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref295
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref295
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref296
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref296
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref297
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref297
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref297
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref297
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref298
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref298
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref298
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref299
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref299
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref299
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref300
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref300
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref300
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref300
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref301
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref301
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref301
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref302
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref302
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref302
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref302
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref303
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref303
http://refhub.elsevier.com/S1044-579X(24)00009-9/sbref303

	The obesity-autophagy-cancer axis: Mechanistic insights and therapeutic perspectives
	1 Introduction
	1.1 Background on obesity and cancer
	1.2 An overview of autophagy
	1.3 Rationale for linking obesity, autophagy, and cancer
	1.3.1 Autophagy and obesity
	1.3.2 Autophagy and cancer
	1.3.3 Obesity, autophagy, and cancer


	2 Obesity and cancer
	2.1 General overview
	2.2 Obesity-associated mechanisms contributing to tumorigenesis
	2.2.1 Insulin resistance and hyperinsulinemia
	2.2.2 The adipokine pathways
	2.2.3 Bioactive lipid signaling
	2.2.4 Chronic Inflammation in Obesity and Cancer


	3 The role of autophagy in obesity-mediated cancer progression
	3.1 Autophagy and metabolic reprogramming in obese tissues
	3.1.1 The role of PPARGC1A/PGC-1α
	3.1.2 The role of AMPK
	3.1.3 AMPK-PPARGC1A-UCP2 axis

	3.2 Autophagy in obesity-associated tumorigenesis
	3.2.1 Focus on nutrient sensing and MTOR
	3.2.2 Focus on autophagy


	4 Targeting autophagy as a therapeutic strategy for obesity-driven cancer
	5 Concluding remarks and future directions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	References


