
Insulin/IGF Axis and the Receptor for Advanced Glycation 
End Products: Role in Meta-inflammation and Potential 
in Cancer Therapy
Veronica Vella,1,* Rosamaria Lappano,2,* Eduardo Bonavita,3 Marcello Maggiolini,2

Robert Bryan Clarke,4,** Antonino Belfiore,1,** and Ernestina Marianna De Francesco1,**
1Endocrinology Unit, Department of Clinical and Experimental Medicine, University of Catania, Garibaldi-Nesima Hospital, 95122 Catania, Italy
2Department of Pharmacy, Health and Nutritional Sciences, University of Calabria, 87036 Rende, Italy
3IRCCS Humanitas Research Hospital, Laboratory of Cellular and Molecular Oncoimmunology, 20089 Rozzano, Italy
4Manchester Breast Centre, Division of Cancer Sciences, University of Manchester, Manchester M204GJ, UK
Correspondence: Ernestina Marianna De Francesco, PhD, Endocrinology Unit, Department of Clinical and Experimental Medicine, University of Catania, 
Garibaldi-Nesima Hospital, 95122 Catania, Italy. Email: ernestina.defrancesco@unict.it; or Antonino Belfiore, MD, PhD, Endocrinology Unit, Department of 
Clinical and Experimental Medicine, University of Catania, Garibaldi-Nesima Hospital, 95122 Catania, Italy. Email: antonino.belfiore@unict.it; or Robert Bryan 
Clarke, PhD, Manchester Breast Centre, Division of Cancer Sciences, University of Manchester, Oglesby Cancer Research Building, Wilmslow Road, 
Manchester M204GJ, UK. Email: robert.clarke@manchester.ac.uk.
*These are co-first authors (equal contribution).
** These are co-last authors (equal contribution).

Abstract 
In metabolic conditions such as obesity and diabetes, which are associated with deregulated signaling of the insulin/insulin-like growth factor 
system (IIGFs), inflammation plays a dominant role. In cancer, IIGFs is implicated in disease progression, particularly during obesity and 
diabetes; however, further mediators may act in concert with IIGFs to trigger meta-inflammation. The receptor for advanced glycation end- 
products (RAGE) and its ligands bridge together metabolism and inflammation in obesity, diabetes, and cancer. Herein, we summarize the 
main mechanisms of meta-inflammation in malignancies associated with obesity and diabetes; we provide our readers with the most recent 
understanding and conceptual advances on the role of RAGE at the crossroad between impaired metabolism and inflammation, toward 
disease aggressiveness. We inform on the potential hubs of cross-communications driven by aberrant RAGE axis and dysfunctional IIGFs in 
the tumor microenvironment. Furthermore, we offer a rationalized view on the opportunity to terminate meta-inflammation via targeting 
RAGE pathway, and on the possibility to shut its molecular connections with IIGFs, toward a better control of diabetes- and obesity- 
associated cancers.
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ESSENTIAL POINTS

• The insulin/insulin-like growth factor system (IIGFs) 
is implicated in cancer progression, particularly dur-
ing obesity and type 2 diabetes

• Metabolic imbalances occurring during obesity and 
type 2 diabetes are associated with the onset and per-
petuation of inflammation (meta-inflammation)

• The receptor for advanced glycation end-products 
(RAGE) is a relevant player of meta-inflammation 
in obesity, diabetes, and cancer

• Evidence suggests cooperation between the IIGFs and 
the RAGE axis in cancer progression

• The pharmacological manipulation of the cross-talk 
between IIGFs and RAGE may represent a novel 
promising tool to control cancer meta-inflammation, 
particularly in patients affected by obesity and type 2 
diabetes

Impaired metabolic health may trigger inflammatory re-
sponses involved in the development and progression of sev-
eral pathological conditions that strongly impact on global 

disability and mortality, including cardiovascular disease, dia-
betes, kidney and liver disorders, as well as cancer (1, 2). In 
fact, certain environmental, social, and lifestyle factors con-
tribute to the establishment of metabolic dysfunctions that 
promote the onset of chronic inflammation toward the initi-
ation and progression of neoplastic disease (2-4). In this con-
text, revealing the distinguishing molecular and biological 
features of what is currently defined as “metabo- 
inflammation” or meta-inflammation may help identify novel 
actionable targets of molecular intervention in anticancer 
therapies (4).

In support of such an approach, an epidemiological link be-
tween metabolic conditions associated with nutrition over-
load, such as obesity and type 2 diabetes (T2DM), and the 
incidence and prognosis of certain types of tumors has been 
clearly evidenced (5-7). This epidemiological correlation is at-
tributable to multiple causative elements, among which hor-
mones, growth factors, oxidative stress, and dysfunctional 
microbioma play a major role (2). However, dysregulated adi-
pose tissue promotes detrimental effects also by impacting on 
the inflammatory state of the whole body and by rearranging 
the composition of several immune cellular components and 
molecular mediators (4); as a result, a permissive milieu for tu-
mor progression is enabled. A better understanding of how 

694                                                                                                                                                         Endocrine Reviews, 2023, Vol. 44, No. 4
D

ow
nloaded from

 https://academ
ic.oup.com

/edrv/article/44/4/693/7069293 by U
niversita di C

atania user on 18 July 2023



dysregulated bioenergetic pathways facilitate and maintain 
chronic inflammation in metabolically unhealthy patients re-
quires thorough investigation of the multifaceted paracrine in-
teractions occurring between the activated adipose stroma 
and other components of the tumor microenvironment 
(4, 8). On the other hand, the inflamed adipose compartment 
may impact on the activity and biological function of certain 
hormones and growth factors, thus fueling a vicious cycle 
that prompts the progression of certain types of tumors (9, 10).

Far from being a mere energy storage depot, adipose tissue 
works as an active endocrine system by secreting adipokines, 
cytokines, chemokines, and growth factors (11, 12). 
Hypertrophy and hyperplasia are 2 of the most common early 
cellular responses occurring in adipose tissue when energy in-
take chronically exceeds energy expenditure. At the upper lim-
it of adipocyte enlargement and recruitment, if nutrition 
overload persists, fat will accumulate into ectopic sites, con-
sisting of visceral depots, liver, skeletal muscle, and pancreas.

In these last 3 major glucose regulatory organs, ectopic fat 
elicits its detrimental action by interfering with insulin signal-
ing and secretion, thus facilitating the establishment of insulin 
resistance and the onset of T2DM (11, 13). Not surprisingly, 
the vast majority (almost 90%) of T2DM patients are also 
overweight or obese (14, 15). Strikingly, the activation of 
inflammatory pathways also occurs as a response to elevated 
glucose concentrations, where glycation damage represents 
the immediate outcome of the upstream inflammatory 
cascade (16).

In these scenarios, an aberrant activation of the insulin/ 
insulin-like growth factor system (IIGFs) drives stimulatory 
responses that contribute to the acquisition of malignant can-
cer phenotypes, particularly in those tumors associated with 
obesity and T2DM (17). Despite the promising results ob-
tained in in vitro studies and preclinical animal models, target-
ing IIGFs has proven limited efficacy in clinical studies (18); 
therefore, further efforts are required to better dissect the 
role of IIGFs in cancer progression, in order to optimize the 
therapeutic options and identify predictive and prognostic bi-
omarkers, particularly for populations of cancer patients with 
imbalanced metabolic health.

As early as 1992, a protein was isolated from bovine lung on 
the endothelial cell surface and characterized for its ability to 
bind to advanced glycation end-products (AGEs) (19, 20), 
which result from the nonenzymatic glycation of proteins, nu-
cleic acids, and lipids chronically exposed to elevated concen-
trations of glucose (16). Despite being named RAGE (receptor 
for advanced glycation end products) for the peculiar capabil-
ity to serve as a receptor for AGEs, later studies showed that 
RAGE has multiligand capability, with more than 25 ligands 
being currently identified (21).

The binding of putative ligands to RAGE induces the activa-
tion of intracellular signaling pathways that culminate in the 
nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB)–dependent transcription of inflammatory cytokines 
and chemokines (21). Not surprisingly, RAGE levels are gen-
erally low in physiological conditions, whereas an increase in 
RAGE expression and function has been detected in several 
diseases, including cancer (22, 23). Most notably, RAGE sig-
naling has also been implicated in the detrimental responses to 
imbalanced glucose and lipid metabolism (24, 25). Based on 
these observations, RAGE may serve as a crosswise actor 
bridging together disrupted metabolism and chronic inflam-
mation in cancer.

In this review, we first provide an overview on meta- 
inflammation in cancer, particularly in those malignancies as-
sociated with obesity and diabetes. Next, we describe the main 
advances in understanding RAGE action in cancer meta- 
inflammation, focusing on the signaling nodes shared by 
RAGE and IIGFs toward tumor progression. Furthermore, 
we present current translational efforts based on RAGE inhib-
ition as a novel strategy to halt meta-inflammation in cancer, 
and relay the future clinical opportunities raised by most re-
cent findings in the field. Last, we offer a rationalized view 
on the opportunity to terminate RAGE and IIGFs cross-talk 
in order to achieve a better control of neoplastic disease, par-
ticularly in those cancer types associated with obesity and 
diabetes.

Meta-inflammation and Cancer
Inflammation can be regarded as an ancestral defense response 
enacted with the aim of restraining and repairing the damage 
caused by external cues. However, unopposed inflammation 
may cause detrimental effects. For instance, an inflammatory 
microenvironment represents a crucial component in most 
malignancies; in fact, chronic inflammation is recognized as 
a relevant etiological factor in 20% to 25% of all cancers 
(26-28). The roots of inflammation in cancer are multiple 
and interconnected, and covering this topic goes far beyond 
the scope of this review. However, it is well acknowledged 
that chronic inflammation may result as a consequence of al-
tered energetic pathways, particularly in those cancer patients 
affected by metabolic disorders (29, 30). Of note, chronic in-
flammation can impact on the activity of hormones and 
growth factors implicated in maintaining metabolic and cellu-
lar homeostasis, with a relevant tumor-promoting effect tak-
ing over in such conditions. The hypothesis of a metabolic 
origin of cancer inflammation deserves a detailed analysis. 
First of all, cancer cells are characterized by clearly identifiable 
alterations of main metabolic pathways, which frequently 
raise the levels of reactive oxygen species (ROS), thus setting 
up the stage for oxidative stress-induced inflammation. For in-
stance, the preferential utilization of glycolysis rather than 
oxidative phosphorylation in aerobic conditions, a phenom-
enon known as the Warburg effect, is typically observed in 
cancer cells, which also exhibit higher levels of steady-state 
ROS compared with the noncancer counterpart (31).

Despite this general observation, aerobic glycolysis does not 
necessarily reflect the full spectrum of metabolism possible in 
cancer, with certain types of tumors being more reliant on 
mitochondrial respiration (31). In addition, a high degree of 
metabolic heterogeneity can be observed within the same tu-
mor, as plastic adaptations of energetic pathways frequently 
occur in response to spatio-temporal availability of nutrients 
and cellular demands (32).

Therefore, in certain conditions, mitochondrial respiration 
can take over from glycolysis, thus contributing to the gener-
ation of oxidative stress. Notably, high but nontoxic levels of 
ROS promote the acquisition of malignant features also by re-
programming intracellular signaling cascades and addressing 
the transcriptional cellular machinery toward the acquisition 
of biological features of aggressiveness. For instance, ROS 
may directly interact with specific receptors, inducing the re-
dox activation of protein kinases, phosphatases, and tran-
scription factors (33), which ultimately orchestrate the 
cellular response to stress. The main transcription factors 
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activated by ROS are HIF-1α (hypoxia inducible factor-1 al-
pha) and NF-κB, which induce the transcription of several in-
flammatory mediators, including CCL2/MCP-1 (C-C motif 
chemokine ligand 2/monocyte chemoattractant protein-1), 
CXCL1/GRO-α (C-X-C motif chemokine ligand 1/ 
growth-regulated oncogene-alpha), CXCL8/IL-8 (C-X-C 
motif chemokine ligand 8/interleukin 8), and COX-2 
(cyclooxygenase-2) together with PGE2 (prostaglandin E2) 
(34). In addition, within the poorly vascularized adipose tis-
sue, the activation of NF-κB and HIF-1α is accountable for 
the upregulation of TNFα (tumor necrosis factor alpha), 
IL-1 (interleukin 1), IL-6 (interleukin 6), matrix metallopro-
teinases (MMP) 9 and MMP2, MCP-1, plasminogen activator 
inhibitor-1, macrophage migration-inhibition factor, and in-
ducible nitric oxide synthase (35). These factors rearrange 
the immune compartment of the tumor microenvironment 
by multiple mechanisms, thus facilitating the recruitment of 
macrophages, neutrophils, and other immune cells potentially 
implicated in tumor progression (34). Along with ROS, other 
metabolic intermediates are known to contribute to the in-
flammatory milieu, including nitric oxide and lactate. In this 
context, the establishment of an acidic microenvironment as 
a consequence of high glycolytic flux and accumulation of 
lactate in the tumor generates a proinflammatory and 
IL-8–driven microenvironment, permissive to tumor progres-
sion (36). Additionally, a high-fat diet alters the composition 
of gut microbioma thus increasing gut vulnerability to endo-
toxins which contribute to the propagation of inflammation. 
Among the mechanisms proposed, both endotoxins and free 
fatty acids trigger the NF-κB-mediated release of the afore-
mentioned cytokines and chemokines, which play a key role 
in maintaining and disseminating inflammation in both nor-
mal and cancer cells (37-41).

These examples nicely recapitulate some of the mechanisms 
through which disrupted energetic pathways may impact on 
tumor progression through the induction of chronic inflam-
mation. In addition, certain inflammatory mediators repro-
gram the surrounding microenvironment by impacting on 
the bioavailability and function of hormones and growth fac-
tors, which in turn regulate tumor metabolic processes. A 
paradigmatic example is the inflammatory-driven insulin re-
sistance, which contributes to the onset of T2DM and to the 
progression of diverse types of tumors. A large body of evi-
dence collected from animal models and human population 
studies have clearly established a causative link between in-
flammation and insulin resistance, defined by the inability of 
this hormone to regulate nutrient metabolism in peripheral 
tissues. Therefore, insulin resistance and the consequent hy-
perinsulinemia derive, at least in part, from an inflammatory 
process initiated in the adipose tissue (42). Insulin is itself a po-
tent mitogen and may induce the proliferation of cancer cells 
and enhance their migratory properties; such stimulatory ef-
fects are mainly supported by an enriched capacity to gain en-
ergy through the modulation of both glycolysis and oxidative 
phosphorylation (43). It should be noted that insulin resist-
ance is enacted in response to proinflammatory signals deriv-
ing from the expanding adipose tissue; indeed, more than half 
of the total pathways differentially regulated in animal models 
of obesity compared with lean animals are inflammatory path-
ways (42). More specifically, TNFα, IL-1β, and interferon γ 
are considered major factors released by inflammatory cells re-
cruited in the adipose tissue and involved in the impairment of 
insulin signaling through a receptor-mediated mechanism (44). 

Adding to this, hyperglycemic and hyperlipidemic stress trigger 
certain responses of the innate immune compartment, includ-
ing the activation in macrophages of inflammasome-mediated 
responses, that further contribute to the recruitment of infiltrat-
ing immune cells and to the expansion of the cytokine network 
(38, 45). These signals synergize with TNFα in activating JUN 
and mitogen-activated protein kinase (MAPK)-dependent ex-
pression of SOCS (suppressor of cytokine signaling) 1 and 
SOCS3, which trigger the direct inhibition of insulin signaling 
toward insulin resistance (4).

Clearly, insulin resistance represents only the tip of an ice-
berg whose central core is built over time by the chronic re-
lease of inflammatory mediators.

What Can Be Learnt From Obesity and Diabetes
The role of obesity and T2DM in increasing the overall cancer 
risk and severity is largely recognized for breast, ovarian, endo-
metrial, prostate, colorectal, pancreatic, hepatic, renal, esopha-
geal, gallbladder, stomach, and thyroid cancer, together with 
multiple myeloma and meningioma; however, an organ-specific 
hierarchy of susceptibility is well documented (46-50). As mo-
lecular responses instigated in the adipose tissue trigger insulin 
resistance, the development of chronic inflammation also sets 
the stage for diverse molecular and biological features included 
among the hallmarks of cancer (51). Therefore, meta- 
inflammation represents a pivotal node in the epidemiological 
link between obesity, T2DM, and cancer.

In this regard, numerous clinical and experimental data have 
revealed that the obesity-related inflammatory signature is not 
solely dependent on resident adipocytes, but also on relevant 
components of innate immunity like macrophages, whose 
rate of accumulation in the adipose tissue increases parallel 
with the increase of body mass index. Likewise, macrophages 
represent the largest immune cell population in the visceral adi-
pose tissue (42, 52-54). Moreover, the accumulation of fat is 
both associated with an increased infiltration and a phenotypic 
switch of macrophages toward a proinflammatory state 
(55, 56). Tumor-associated macrophages (TAMs) are actively 
implicated in cancer progression. They play a key role in tumor 
cell survival, angiogenesis, remodeling of extracellular matrix 
(ECM), metastasis, and resistance to both spontaneous and 
therapy-induced antitumor immunity (57). However, macro-
phages have also the potential of restraining cancer cell prolif-
eration by promoting immune recognition, especially during 
the early phases of carcinogenesis (58). These variegate bio-
logical functions of TAMs are a consequence of their extreme 
plasticity in response to environmental stimuli (58). 
Historically, macrophages have been simplistically divided 
into activation status, referred to as “M1” and “M2,” which 
reflected the T cell nomenclature associated with type 1 and 
type 2 responses (59). However, in tumors, mixed macrophage 
phenotypes can coexist, as highlighted by the most recent tran-
scriptional studies (60). Thus, the signals, the type of tissue and 
the stage of tumor progression orchestrate the landscape of 
TAMs diversity and functional programs in cancer.

Not surprisingly, the metabolic features of the tumor micro-
environment strongly impact on the biological behavior of 
TAMs. For instance, while M1-like macrophages mainly 
rely on glycolysis, M2-like macrophages preferentially employ 
oxidative metabolism (61-64). Therefore, if glycolytic flux is 
inhibited the polarization toward M2-like phenotype predom-
inates (65), whereas blocking OXPHOS metabolism 
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substantially shifts macrophages toward an M1-like pheno-
type with tumor-restraining properties (62). In this context, 
uptake and utilization of fatty acids has been shown to trigger 
an OXPHOS-dependent M2-like polarization (66); likewise, 
both the polarization and the survival of protumoral macro-
phages are impaired when lipolysis is inhibited (67). Not sur-
prisingly, in stressful and metabolically hyperactivated lung 
tumor microenvironments, the generation of ROS supports 
M2-like phenotype acquisition (68); accordingly, an antioxi-
dant treatment prevents the accumulation of TAMs in animal 
models of lung cancer (68). These findings clearly suggest that 
manipulating oxidative metabolism in TAMs may represent 
an efficient tool for their education toward a tumor- 
suppressive phenotype, particularly in the obese setting where 
enhanced fuels are available for OXPHOS metabolism. The 
implication is that innate immune compartment may play a re-
markable role in modulating meta-inflammation leading to 
the complications of obesity, diabetes, and neoplastic progres-
sion. For instance, the NLRP3 (nucleotide-binding domain, 
leucine-rich-containing family, pyrin domain-containing-3) 
inflammasome is a molecular complex formed by macro-
phages and monocytes in response to tissue damage or infec-
tion (69). Evidence that the NLRP3 is implicated in 
obesity-induced inflammation and insulin resistance has 
been clearly established and related to caspase-1 activation 
and release of IL-1β (70). Notably, data obtained in animal 
models of obesity indicate that NLRP3 functions as an intra-
cellular sensor of metabolic derangement associated with lip-
otoxic damage, enabling a complex inflammatory response 
that leads to insulin resistance (70). Of note, caloric restriction 
and exercise-mediated weight loss are associated with reduced 
expression of NLRP3, decreased inflammation, and improved 
insulin sensitivity in obese patients with T2DM (70). It should 
be mentioned that inflammasomes may also trigger pyropto-
sis, a rapid form of cell death associated with inflammation, 
which could be of benefit if exploited to eliminate inflamma-
tory cancer cells. Despite the role of inflammasomes in obesity 
and diabetes-related inflammation being well established, 
these complexes may elicit both a tumor-promoting, and a 
tumor-restraining effect in cancer (depending on the tumor 
context, the type of inflammasome, and the downstream ef-
fector molecule). On the other hand, it is well recognized 
that high levels of glucose (71) and fatty acids (72) prompt 
NLRP3 activation, which might represent a hub of molecular 
signals of metabolic danger driving inflammation and cancer 
development, particularly in those types of cancer associated 
with nutrients overload, obesity, and T2DM.

It should be considered that a transient, low-grade increase in 
the inflammasome activity of the adipose tissue macrophages is 
usually observed in healthy individuals in response to postpran-
dial hyperglycemia (73). Such molecular programs of innate 
immunity not only ensure protection against potential microor-
ganisms found in food, but also induce IL-1β maturation and 
release, which in turn potentiates glucose-induced insulin secre-
tion. In addition, the increase of glucose uptake in macrophages 
further stimulates IL-1β production thus fueling a feedforward 
loop where both insulin and IL-1β cooperate in lowering plas-
ma glucose levels and in facilitating its utilization (74). At 
odds with the transient action elicited by IL-1β on insulin 
secretion and activity, which is classically accompanied by 
the activation of diacylglycerol and protein kinase C (PKC) 
transduction pathways, long-term exposure to this cytokine 
may trigger a signaling shift toward the noncanonical NF-κB 

and MAPK cascades, which are accountable for the increased 
susceptibility of pancreatic β-cells to glucose and lipid damage 
typically observed in T2DM (75, 76). It should be recalled that 
an aberrant activation of NF-κB and MAPK transduction signal-
ing is frequently observed in numerous types of tumors. Therefore, 
untamed insulin signaling, boosted upon inflammatory cascades, 
may contribute to the activation of key oncogenic pathways.

Collectively, these data suggest that despite inflammatory 
signals prime insulin secretion and metabolic homeostasis in 
physiological conditions, a chronic low-grade inflammation 
triggered by altered metabolism contributes to the pathogen-
esis of obesity, diabetes, and cancer. Being both a target and 
an effector of meta-inflammation in cancer, the complex ac-
tion elicited by IIGFs requires a thorough elucidation of the 
potential therapeutic opportunities and manipulation of 
such complex hub of signaling networks.

The Role of the Insulin/IGF System
With the establishment of obesity-driven insulin resistance, 
hyperinsulinemia, and increased bioavailability of IGF-1, an 
unopposed activation of the insulin receptor (IR) and the 
insulin-like growth factor receptor (IGF-1R) (77), which are 
part of the complex IIGFs, occurs. IIGFs plays a pivotal role 
in maintaining energetic homeostasis in healthy tissues 
through the regulation of glucose, lipid, and protein metabol-
ism; in addition, this signaling system is implicated in cell 
growth and differentiation (78, 79). IIGFs comprises the li-
gands insulin, IGF-1, IGF-2 (IGFs) and the high homologous 
cognate receptors (IR, IGF-1R, IR/IGF-1R hybrids, and 
IGF-2R) (Fig. 1), together with 6 IGF-binding proteins 
(IGF-BP1-6) (17, 80). IGF-IR binds to IGF-1 and IGF-2, 
whereas IR occurs in 2 isoforms, IR-A and IR-B, both of which 
can be assembled as IR/IGF-1R hybrid receptors that retain 
IGF-1 and IGF-2 binding ability (Fig. 1). Such pharmacologic-
al promiscuity is consistent with the elevated degree of struc-
tural homology between IGF-1R and IR. In addition, IR-A is a 
bona fide receptor for IGF-2 (17). Considering its crucial role 
in metabolic homeostasis, it is not surprising that deregulation 
of IIGFs may pave the way to a number of pathological con-
ditions including obesity, diabetes and cancer (17, 81-85). In 
this latter context, the increased expression of both IGF-1R 
and IR has been broadly detected and correlated with malig-
nancy (17, 86). Indeed, IIGFs promotes biological features 
of disease aggressiveness like enhanced cell proliferation, sur-
vival, migration, invasion, epithelial mesenchymal transition 
(EMT) transition, acquisition of stem-like features and angio-
genic potential (87-93) (Fig. 1); some of these actions are 
mediated by IIGFs and associated signaling partners such as 
the collagen receptor discoidin domain receptor-1, the estro-
gen receptor ERα, as well as the alternate estrogen receptor, 
G protein–coupled estrogen receptor 1, known as GPER 
(94-98). Both IR and IGF-1R may prompt cell cycle progres-
sion leading to proliferative effects in cancer cells (94-98).

Therefore, in IGFs and insulin-rich milieu, higher cancer cell 
proliferative rates are usually expected, as observed in both in 
vitro and in vivo models (99, 100). In conditions of insulin re-
sistance, insulin action mediated by insulin receptor substrate 
(IRS)-1/phosphatidylinositol 3-kinas (PI3K) protein kinase 
B (AKT) signaling in target tissues is compromised, whereas 
extracellular regulated kinase (ERK) 1/2 signaling remains un-
affected (101). In these conditions, blood insulin levels increase 
in a compensatory effort aimed at overcoming insulin 
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resistance (101). The subsequent hyperinsulinemia is sufficient 
to prompt a biological reprogramming suggestive of aberrant 
proliferation, as insulin induces mitogenic effects through its 
binding to the nonmetabolic and oncofetal isoform IR-A 
(17, 80, 100). In addition, hyperinsulinemia suppresses hepat-
ic synthesis of IGFBP-1, thus increasing the free circulating lev-
els of IGF-1 (102-105). A reduction of the secretion of pituitary 
growth hormone is subsequently observed due to the negative 
feedback elicited by free IGF-1, thus triggering a decrease in 
IGFBP-3, 1 and 2 (103, 104). Thereafter, the increase in free 

IGF-1 prompts potent mitogenic and oncogenic responses al-
most ubiquitously (17, 83, 85, 87). Based on these observations, 
dysregulations of IIGFs overall contribute to stimulatory re-
sponses typical of aberrantly proliferating cancer cells.

Among the tumor-promoting actions elicited by the IIGFs, 
it is not surprising that this signaling axis manipulates cell me-
tabolism to address the high energetic demands of cancer cells. 
In fact, IIGFs addresses energetic fuels toward their utilization 
for an increased adenosine triphosphate (ATP) production 
(106). Furthermore, the IIGFs has also been shown to regulate 

Figure 1. Signaling pathways activated by IIGFs in cancer cells. Although with different affinities, ligands belonging to IIGFs induce IRS-dependent 
activation of several signaling cascades (RAS/RAF/MEK/ERK, PI3K/AKT/mTOR) leading to gene transcription and protein translation toward stimulatory 
effects in cancer cells. IGF2-R is structurally unrelated to IGF-1R and IR and is a monomeric receptor serving as scavenger for circulating IGF-2. 
Abbreviations: AKT, protein kinase B; ERK, extracellular signal–regulated kinase; GDP, guanosine diphosphate GTP, guanosine triphosphate; IGF-1, 
insulin-like growth factor-1; IGF-2, insulin-like growth factor-2; IGF-1R, insulin-like growth factor-1 receptor; IGF-2R, insulin-like growth factor 2 receptor; 
INS, insulin; IR-A, insulin receptor isoform A, IR-B, insulin receptor isoform B; IRS, insulin-receptor substrate; MEK, mitogen-activated protein kinase 
kinase; mTOR, mammalian/mechanistic target of rapamycin; PI3K, phosphatidylinositol 3-kinase; PRAS40, proline-rich AKT substrate of 40 kDa; p70S6k, 
p70S6 kinase; RAS, rat sarcoma family of proteins; RAF, rapidly accelerated fibrosarcoma protein; Rheb, Ras homolog enriched in brain; TSC, tuberous 
sclerosis complex; 4EBP1, Eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1. All Figures were created using Biorender.com.
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the expression of inflammatory mediators in several tumor 
contexts through multiple mechanisms. For instance, IGF-1 
induces transcriptional regulation of COX-2 in ovarian cancer 
cells. Moreover, in cervical, liver, and colorectal cancer cells 
IGF-1 promotes the activation of NF-κB and NLRP3 inflam-
masome signaling, which is known to trigger the maturation 
of IL-1β (107), thus amplifying the inflammatory and meta-
static cascades. In this scenario, microenvironmental IL-1β 
was shown to promote the NF-κB and cyclic adenosine mono-
phosphate response element-binding protein (CREB)– 
dependent activation of WNT signaling in breast cancer cells 
toward the formation of bone metastases (108). Extending 
these findings, in a primary breast cancer cell line established 
from an invasive ductal carcinoma, IR was involved in a cross- 
talk with a unique 46 kDa splicing variant of Erα (Erα46) to 
prompt IL-11 expression and the subsequent activation of ma-
lignant transcriptional programs and biological responses 
(95). In addition, the tumor-promoting and inflammatory 
role elicited by IR was recently identified in a murine cell mod-
el of triple negative breast cancer. More specifically, a tran-
scriptomic interrogation of insulin-stimulated breast cancer 
cells followed by gene pathway enrichment analysis allowed 
one to establish that insulin triggers the expression of genes 
primarily implicated in the regulation of both metabolic path-
ways and immune evasions, including several cytokines and 
chemokines (100). These findings are consistent with several 
studies showing that IIGFs may be regarded as a novel orches-
trator of inflammation and innate immunity. For instance, 
macrophages express a functional insulin signaling and de-
velop insulin resistance in the context of systemic insulin re-
sistance, where an M2-like phenotype, characterized by 
reduced secretion of proinflammatory mediators and poten-
tial immunosuppressive function, is privileged (109, 110).

Interestingly, both primary and metastatic breast cancer 
TAMs and cancer associated fibroblasts (CAFs) are regarded 
as main sources of IGF-1 and IGF-2, which in turn promote 
paracrine stimulatory actions in cancer cells (111). These 
data further corroborate that a bidirectional cross-talk be-
tween IIGFs and cellular effectors of meta-inflammation like 
TAMs and CAFs reprogram the tumor microenvironment to-
ward the acquisition of malignant features.

Undoubtedly, the IIGFs is placed at the crossroad of several 
intertwined cancer signaling pathways that dictate the com-
plex biological response to environmental stimuli also 
through the regulation of meta-inflammation. A better charac-
terization of IIGFs action, of its molecular partners and down-
stream effectors may help identifying novel target of 
anticancer intervention, particularly in neoplastic disease as-
sociated with a dysregulated metabolic component.

This is certainly necessary to extend the currently available 
portfolio of therapeutic opportunities, particularly for obese 
and diabetic cancer patients. Despite the undoubtable role 
played by IIGFs and the very promising opportunities raised 
by targeting this signaling axis in preclinical models, expecta-
tions from implementing IIGFs-blocking strategies in the clin-
ics have been poorly fulfilled for the great majority of cancer 
types (112, 113). For instance, strategies directed at blocking 
IGF-1R (monoclonal antibodies and inhibitors) failed in the 
clinical setting (114-117) for a number of reasons. First, 
blocking IGF-1R disrupts a negative feedback loop in the pi-
tuitary gland, resulting in a compensatory increase in growth 
hormone, leading to insulin resistance and increased hepatic 
production and serum IGF-1 levels (118, 119). Growth 

hormone itself contributes to oncogenic signals on 1 side 
(120) and facilitates the establishment of hyperinsulinemia be-
cause of the increased hepatic lipolysis and subsequent free 
fatty acid production (121). In this context, blocking 
IGF-1R may not be sufficient to contrast the supraphysiolog-
ical levels of IGF-1; in addition, IGFs and insulin may activate 
IRs and hybrid receptors thus transmitting stimulatory signals 
even when IGF-1R is inhibited (17, 122). Other possible 
mechanisms of therapeutic resistance include the inadequate 
inhibition of pathways downstream of IGF-1R, the activation 
of alternative signaling routes in the context of receptor reci-
procity and extensive cross-talks, as well as the aberrant auto-
crine and/or paracrine production of ligands (123, 124).

As it concerns IR, blocking this receptor would determine 
an undesirable diabetic-like state; therefore, pharmacological 
agents able to discriminate between the oncogenic A isoform 
and the metabolic B isoform of IR could bypass the complex-
ity of insulin signaling, shutting down the mitogenic effects 
while sparing the metabolic actions mediated by IR. In light 
of the complicated and interconnected hub of signals medi-
ated by IIGFs, a better dissection of the signaling partners em-
ployed by this axis to convey stimulatory messages could offer 
novel opportunities for pharmacological manipulation in can-
cer. Building knowledge in this field, sharpening our ability to 
predict and stratify the patients who could benefit most from 
anti-IIGF therapies, and dissecting the potential of combin-
ation targeted approaches will lead to greater clinical antitu-
mor efficacy.

RAGE Signaling in Cancer Meta-inflammation
A number of studies have revealed the role of the RAGE in in-
flammatory, degenerative, and hyperproliferative diseases, as 
well as in cancer. RAGE is a 45 kDa single-spanning multili-
gand membrane receptor belonging to the superfamily of im-
munoglobulin receptors and is mainly implicated in the 
regulation of innate immunity and inflammation. Consistent 
with this role, the RAGE gene (Ager), which is highly con-
served in mammalians, is located within a region on chromo-
some 6 that comprises the major histocompatibility complex 
class III. Alternate splicing of Ager results in more than 20 dif-
ferent splicing variants, 1 of the most clinically relevant being 
the endogenous secretory (es)RAGE, which lacks the trans-
membrane and intracellular domain, thus presenting as a cir-
culating soluble RAGE (sRAGE) isoform (125); sRAGE may 
also derive from the proteolytic cleavage of the full-length 
RAGE membrane protein, which generates cleaved IRAGE, 
by enzymatic activity of MMPs (126). Despite RAGE expres-
sion being elevated during embryonic development, in the 
adult tissues low levels of RAGE are usually detected, consist-
ent with the observation of promoter methylation in adult 
healthy subjects (127). On the other hand, RAGE expression 
increases in diverse pathological conditions associated with 
inflammation, like obesity, diabetes, and cancer. In the latter 
context, higher tissue levels of RAGE and lower blood levels 
of sRAGE have been detected and correlated with the severity 
of pancreatic, lung and breast cancer (128-130). An exception 
to this general trend is represented by multiple myeloma, 
where patients present higher levels of circulating sRAGE 
than healthy subjects (131).

Upon ligand binding, RAGE triggers the activation of intra-
cellular signaling cascades that culminate on the recruitment 
of transcription factors like NF-κB, activator protein-1 and 
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signal transducer and activator of transcription 3 (STAT3), 
and the subsequent modulation of the cellular transcriptional 
machinery. The engagement of RAGE signaling in cancer cells 
executes a large and heterogeneous range of biological re-
sponses identifying several cancer hallmarks, like cell prolifer-
ation, migration, invasion, survival, angiogenesis, altered 
metabolism, inflammation, and immune evasion (23). 
RAGE was first identified as the receptor for AGEs which re-
sult from the nonenzymatic glycation of proteins, lipids, and 
DNA occurring during chronic glucose exposure. However, 
it is now largely recognized that RAGE propagates transduc-
tion signals initiated also by non-AGE molecules (21). In fact, 
RAGE ligands include a broad repertoire of endogenous and 
exogenous molecules like β2 integrin/Mac-1, amyloid 
β-peptide, β-sheet fibrils, collagen I/IV, bacterial lipopolysac-
charide, CpG DNA, high-mobility group box 1 (HMGB-1), 
and proteins of the S100 family, to name a few. Upon ligand 
binding, RAGE engages diverse intracellular adaptor proteins, 
such as diaphanous-1/mDia1, ERK1/2, PKC, PKB, c-Jun 
N-terminal kinase, TIRAP, dedicator of cytokinesis 7 
(DOCK7), DOCK7, and Rac-1/Cdc42, which in turn promote 
transcription factor-dependent gene changes and biological 
responses (21). In addition, a PKC-ζ (protein kinase c type 
zeta)-dependent phosphorylation of RAGE at Ser391 has 
been demonstrated upon binding of ligands (132); however, 
the molecular and functional consequences of this post- 
translational modification have not been established yet. On 
the other hand, it is clear that the multimeric form of 
RAGE, rather than the monomeric, is mainly implicated in lig-
and binding and signal transduction, as the multimeric recep-
tor complexes recruit aggregates of ligands, which are usually 
found at site of inflammation.

RAGE is classified within the pattern recognition receptors 
(PRRs), a group of proteins that recognize and respond to 
pathogen-associated molecular pattern molecules and danger- 
associated molecular pattern molecules (DAMPs) (133). While 
pathogen-associated molecular pattern molecules boost 
PRR-mediated innate immunity in response to pathogens 
(134), DAMPs are typically released by damaged and/or 
stressed cells undergoing necrosis and nontolerogenic apop-
tosis, in order to eliminate the cellular debris through the re-
cruitment of immune cells and mediators (134). Nonetheless, 
an unopposed activation of PRR signaling may facilitate the es-
tablishment of a chronic inflammatory environment, ultimate-
ly leading to inflammation-dependent damage progression 
(135, 136). With a similar mechanism, RAGE action elicits 
detrimental effects in obesity and T2DM, where the initial trig-
ger for RAGE activation is represented by DAMPs released by 
enlarged dying adipocytes, and by hyperglycemic damage 
(135). Similarly, in cancer RAGE propagates DAMP- and 
glycoxidative-dependent cell damage through multiple and 
interdependent mechanisms, which reprogram the tumor 
microenvironment for the establishment of chronic inflamma-
tory niches that drive disease progression (136, 137).

Consensus has been broadly reached on the role of RAGE in 
mediating inflammatory responses that prompt cancer devel-
opment and progression, also for cancers not directly associ-
ated with obesity and diabetes (22). Current knowledge is 
suggestive of an involvement of RAGE in driving the evolution 
from a transient inflammatory reaction into a persistently mi-
croenvironmental response that supports disease development 
and progression. For instance, early evidence has shown that 
RAGE deficiency, in animal models of chemically induced 

skin carcinogenesis, impairs tumor initiation due to the insti-
gation of an inflammation-resistant phenotype (22). The in-
ability to mount an inflammatory response in RAGE−/− 
animals exposed to the skin carcinogens TPA/DMBA 
(12-O-tetradecanoylphorbol-13-acetate/dimethylbenz[a]an-
thracene) is supported by the dramatically reduced expression 
of inflammatory mediators such as COX-2, S100A8, S100A9, 
and macrophage inflammatory proteins compared with wild- 
type animals (22). Interestingly, RAGE expression on immune 
cells, but not keratinocytes, is required for chemical-induced 
dermal immune infiltration, toward inflammation-dependent 
tumorigenesis (22). These observations are consistent with 
other studies showing that RAGE prompts NF-κB-mediated 
inflammation, leading to colitis-associated carcinogenesis 
(138). In this model, RAGE appears to be dispensable for 
the instigation of the initial acute inflammation, but it is re-
quired for the transition toward chronic inflammatory condi-
tions that anticipate colorectal cancer development (138). 
Notably, in both studies RAGE deficiency is accompanied 
by a reduced accumulation of Gr1 + CD11b + myeloid precur-
sor cells, suggesting immune escape responses consistent with 
the recruitment of myeloid-derived suppressor cells (MDSCs) 
and resulting in T cell tolerance (22, 138). Evidence that 
RAGE deficiency is characterized by the lack of inflammatory 
RAGE ligands, as observed in the abovementioned study by 
Gebhardt and collaborators (22), suggests that RAGE may 
regulate the expression of its own binding activators, thus 
contributing to establish and maintain an inflammatory envir-
onment that facilitates neoplastic development and progres-
sion. Extending these observations, several ligands of RAGE 
prompt the recruitment of transcription factors like NF-κB 
at binding sites located within RAGE promoter, thus fostering 
RAGE expression which further propagates the initial inflam-
matory response (139-141). This codependency enables a 
cycle of prolonged activation of the intracellular transcrip-
tional machinery toward chronic inflammatory reprogram-
ming after the initial damage (142). It should be mentioned 
that RAGE-dependent activation of sustained NF-κB signal-
ing is partly due to the de novo synthesis of RelA (p65), which 
contributes to establishing an increasingly growing reservoir 
of active NF-κB pool, thus overcoming the physiological 
mechanisms of negative feedback control (143). Therefore, a 
globally accepted working model for RAGE/ligands axis in in-
flammation and cancer specifies that the accumulation of 
RAGE ligands at sites of inflammation drives the formation 
of receptor oligomers, which are further stabilized by inter-
action with ligands in the extracellular tumor milieu (Fig. 2); 
this step is required for receptor activation toward the instiga-
tion of inflammatory responses that are chronically propa-
gated also through the upregulation of RAGE and RAGE 
ligands themselves (21, 142). These observations are in ac-
cordance with evidence showing that RAGE is generally ex-
pressed at very low levels in physiological conditions (with 
the exception of epithelial lung alveolar cells) (144, 145), 
whereas its levels raise in pathological conditions associated 
with inflammation (like obesity, diabetes and cancer). In these 
pathological contexts, the increase of RAGE levels is support-
ive of disease progression (21). On the other hand, RAGE elic-
its a tumor-suppressive role in those tissues where the receptor 
is highly expressed at physiological levels; likewise, the loss/re-
duction of RAGE expression in these contexts is associated 
with neoplastic progression and poor prognostic outcomes 
(146, 147). In this intricate scenario, the relative prevalence 

700                                                                                                                                                         Endocrine Reviews, 2023, Vol. 44, No. 4
D

ow
nloaded from

 https://academ
ic.oup.com

/edrv/article/44/4/693/7069293 by U
niversita di C

atania user on 18 July 2023



of certain isoforms of RAGE compared with others may favor 
distinct molecular and biological responses in the tumor 
microenvironment. For instance, Downs and collaborators 
performed a proteomic analysis of lung adenocarcinoma cells 
and found that dominant-negative (DN)-RAGE, which differs 
from full length RAGE for lacking the intracellular signaling 
tail, prompts the transition from a proinflammatory to a 
prometastatic phenotype (148).

To address unanswered questions and resolve the complex-
ity of RAGE signaling in inflammation and cancer, omics tools 
could be employed. In this context, a transcriptomic profiling 
of gastric cancer tissue vs noncancer tissue coupled with gene 
set enrichment analysis identified the AGE/RAGE pathway as 
1 of the most strongly enriched pathways together with neu-
trophil activation- and T cell activation-signaling (149), sug-
gestive of RAGE-dependent regulation of inflammatory 
responses. A critical point emerging from these observations 
is that more comprehensive interrogating tools could help de-
ciphering the multiple aspects of RAGE pathway, regulatory 
networks and signaling companion, possibly uncovering 
tissue-specific biological responses and molecular targets. 
Such an approach will alleviate the difficulties encountered 

when trying to translate promising preclinical data into clin-
ics, thereby improving the feasibility of anti-RAGE therapies 
particularly in inflammation-associated tumors.

RAGE Signaling in Tumor Metabolism

Cancer cells
An altered energetic metabolism strongly contributes to the 
progression of cancer, which counts metabolic aberration as 
1 of its typical hallmarks. Tumor cells mainly rely on glycoly-
sis for energy supply during both aerobic conditions and hyp-
oxia, when intratumoral delivery of oxygen is dramatically 
reduced. Such metabolic dependency induces an increased up-
take of glucose and turnover of metabolic intermediates, thus 
facilitating the formation of the glycoxidative adducts (AGEs) 
(16). Also, metabolic imbalances associated with hypergly-
cemia contribute to the raise of AGE levels (16). 
Endogenous AGEs are generated from nonenzymatic glyca-
tion of proteins, lipids and nucleic acids, a reaction that occurs 
when the amino group of these molecules interacts with the 
carbonyl group of reducing sugars abundantly and chronically 
present in the micromilieu, forming an unstable but reversible 

Figure 2. RAGE-dependent regulation of metabolic pathways toward cancer progression. In cancer cells, persistently elevated glucose levels enhance 
glycolytic flux, which prompts the generation of ROS, directly implicated in the activation of RAGE. Hyperglycemic environments also promote the 
formation of AGEs, which bind to and activate RAGE. RAGE ligands released from dying cancer cells as a consequence of chemotherapy damage activate 
RAGE signaling toward cancer progression. Activation of mitochondrial RAGE enhances ATP production and fosters the generation of ROS, setting the 
stage for mitochondrial fission and autophagy. Abbreviations: AGEs, advanced glycation end-products; AKT, protein kinase B; AP-1, activator protein 1; 
ATP, adenosine triphosphate; ERK, extracellular signal–regulated kinase; JAK, Janus kinase; MAPK, mitogen-activated protein kinase; NOX, nicotinamide 
adenine dinucleotide phosphate oxidase; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; PI3K, phosphatidylinositol 3-kinase; RAC1, 
ras-related C3 botulinum toxin substrate 1; RAGE, receptor for advanced glycation end-products; ROS, reactive oxygen species; STAT, signal transducer 
and activator of transcription; TCA cycle, tricarboxylic acid cycle.
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chemical product named the Schiff base (16). If high sugar lev-
els persist, these compounds evolve into more stable structures 
named Amadori products, which go through permanent 
chemical modifications, ultimately becoming AGEs (16). 
The pool of body AGEs also derives from dietary intake of ex-
ogenous AGEs present in thermally processed and in protein/ 
lipid-rich foods. Whichever their origin, AGEs trigger diverse 
oncogenic pathways by binding to RAGE (16) (Fig. 2). In add-
ition, increased AGE levels instigate a feedforward loop of 
stimulatory responses by upregulating RAGE expression 
(150, 151), thus contributing to maintain a chronic inflamma-
tory environment instructed upon an initial metabolic trigger.

For example, the AGE named Nϵ-carboxymethyllysine 
(CML) induces RAGE-dependent activation of tumorigenic 
pathways and growth effects in human pancreatic adenocar-
cinoma cell lines; likewise, CML administration in pancreatic 
adenocarcinoma–prone mice promotes RAGE accumulation 
and facilitates the progression of neoplasia toward invasive 
pancreatic cancer (152).

Further supporting these findings, Liao et al found that high 
glucose triggers RAGE and nicotinamide adenine dinucleotide 
phosphate oxidase (NOX) expression, which promote the 
acquisition of malignant features in lung cancer (153), 
whose incidence and severity are increased among diabetic 
patients (154, 155). In turn, RAGE mediates the activation 
of the HIF-1α/VEGF (vascular endothelial growth factor)- 
dependent pathway, thus suggesting that RAGE may be impli-
cated in modulating angiogenic responses in dysfunctional 
metabolic environments associated with prediabetes and dia-
betes (153).

Recently, a comparative tissue analysis of gastric mucosa 
has demonstrated that the expression of both RAGE and its 
ligand HMGB-1 is increased in cancer patients with and with-
out diabetes, compared with noncancer individuals (156); fur-
thermore, RAGE and HMGB-1 expression is associated with 
worse prognostic parameters in patients affected by gastric 
cancer and diabetes simultaneously (156).

In addition, AGE–RAGE signaling has been shown to boost 
the expression and function of carbohydrate responsive elem-
ent binding protein, a key transcription factor implicated in 
glycolytic and anabolic activity, leading to increased cancer 
cell proliferation (157); thus, the elevated AGE levels observed 
in diabetic and obese patients may prompt tumorigenic effects 
by boosting RAGE transduction pathway (157). Of note, 
RAGE may act as a relevant effector of metabolic-driven che-
moresistance, which represents an important clinical issue 
also in cancers associated with obesity and diabetes (158). 
In this regard, Huang et al demonstrated that the release of 
the RAGE ligand HMGB-1 from dying cancer cells treated 
with  chemotherapeutic agents induces RAGE-dependent acti-
vation of ERK1/2 and the subsequent phosphorylation of the 
dynamin-related protein 1 (Drp1) (159), a factor implicated in 
mitochondrial fission; the subsequent activation of autopha-
gic programs prompts the regrowth of surviving cancer cells, 
thus conferring chemoresistance (159). Likewise, in multiple 
myeloma cells, HMGB-1 was involved in metabolic-driven 
chemotherapy resistance, whereas its repression prompted 
chemotherapy sensitivity through the induction of apoptosis 
and the inhibition of autophagic response (160); however, in 
this study the authors did not assess if the effects of 
HMGB-1 were specifically mediated by RAGE (160). 
Extending these findings, RAGE, localized at mitochondria, 
and its ligand HMGB-1 were shown to promote tumor 

growth in vitro and in vivo through the regulation of mito-
chondrial complex I activity, which increased ATP production 
(161). Interestingly, AGE/RAGE signaling was implicated in 
pancreatic tumorigenesis through the induction of the meta-
bolic process of autophagy, which triggered IL-6 release and 
activation of mitochondrial STAT3 pathway, toward in-
creased ATP formation and cell proliferation (162).

A role for Cancer Stem Cells
Cancer stem cells (CSCs) are a rare population of cancer cells 
implicated in tumor initiation, as well as in malignant recur-
rence, metastasis formation, and therapeutic resistance. 
RAGE has been shown to maintain stemness properties and 
tumorigenicity of CSCs in diverse types of tumors, an ability 
shared by more than 1 RAGE ligand (163-165). CSCs propa-
gation may be facilitated during hypoxic conditions. The mo-
lecular and biochemical mechanisms underlying this response 
are complex and multifactorial, however an increased mito-
chondrial biogenesis appears to be implicated in CSCs main-
tenance in low oxygen environment (166). In this context, 
the RAGE ligand S100A4, which is upregulated in hypoxic 
conditions (167), mediates metabolic reprogramming toward 
an OXPHOS dependency through the upregulation of the 
mitochondrial complex I protein NDUFS2 (168); however, 
the involvement of RAGE in this action has not been investi-
gated (168). S100A4 is considered itself a stemness marker, 
and is associated with enhanced self-renewal and tumorigenic 
properties of CSCs (163). Extending these findings, a low oxy-
gen tension was shown to induce the expression of RAGE, 
which cooperated with oncogenic KRAS signaling, largely im-
plicated in stemness (169), to prompt RAGE-dependent pan-
creatic tumor growth (170). Adding to this, an integrative 
genomic analysis of breast CSCs identified 1q21.3 amplifica-
tion as a relevant chromosomal aberration associated with en-
hanced S100A7, S100A8, and S100A9 production, increased 
tumor sphere formation in breast cancer cells and in patient- 
derived samples, and higher tumor recurrence (171). 
Likewise, S100A9 was the top upregulated gene in transcrip-
tomic analysis of radioresistant brain metastasis derived from 
melanoma, lung, and breast cancer (172). In this context, 
S100A9/RAGE contributed to establish a gene signature rem-
iniscing the acquisition of stem-like features and therapeutic 
resistance (172).

Tumor microenvironment
the contribution of the tumor microenvironment to cancer de-
velopment and progression is well acknowledged. CAFs, and 
adipocytes represent main cellular components that, together 
with noncellular factors (ECM, hypoxia, environmental pH) 
orchestrate a permissive milieu for neoplastic growth and ex-
pansion, particularly in obesity-related diseases. RAGE sig-
naling pathway features many aspects of the tumor 
microenvironment, enabling cancer-conducive biological 
responses.

CAFs
Within the tumor microenvironment, CAFs provide with 
mechanical support to the growing mass through the release 
of ECM proteins; in addition, CAFs actively release numerous 
signaling molecules implicated in the regulation of tumor 
metabolism, neoangiogenesis, cell migration, invasion, in-
flammation, and immune evasion. Recently, the accumulation 
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of AGEs in the ECM was shown to promote collagen glyca-
tion, leading to RAGE-dependent regulation of mechano- 
transduction signaling and acquisition of CAF-like phenotype 
in surrounding stromal fibroblasts (173). Furthermore, the ac-
cumulation of nutrition-associated glycoxidative damage in-
duced an AGE/RAGE–dependent regulatory program of 
prostate CAF activation, toward increased cancer cell migra-
tion and tumor growth in vivo (174). Additional evidence 
that the reciprocal interaction between cancer cells and 
CAFs may be mediated by RAGE-dependent metabolic 
processes comes from the observation that HMGB-1, released 
by breast cancer cells, prompts fibroblasts activation and in-
duces a RAGE-mediated metabolic shift toward aerobic gly-
colysis; in turn, the accumulation of lactate enhances the 
metastatic potential of breast cancer cells (175) in a feed- 
forward stimulatory loop.

Extending these findings, data collected from both in vitro 
and in vivo studies showed that the secretion of HMGB-1 
from autophagic CAFs augments the metastatic propensity 
of lung cancer (176), reinforcing the idea that metabolic proc-
esses like autophagy may foster tumor-promoting responses 
through RAGE activation. On the other hand, we should men-
tion that certain RAGE ligands, including HMGB-1, may sig-
nal also through receptors other than RAGE. For instance, 
despite the fact that maintenance of luminal breast cancer cells 
reportedly relies on the paracrine release of HMGB-1 from au-
tophagic CAFs, the receptor implicated in this oncogenic re-
sponse is the Toll-like receptor (TLR) 4 rather than RAGE 
(177). Thus, RAGE may cooperate with TLRs in triggering 
stimulatory responses which should be investigated in 
inflammation-related disease and cancer.

Adipocytes
The RAGE system regulates key functional aspect of adipo-
cyte biology, which contributes to energy storage and to the 
maintenance of lipid homeostasis. First, RAGE and ligands 
accumulate in obese murine and human adipose tissues 
(178); adding to this, global knockout as well as 
adipocyte-specific deletion of Ager confers protection from 
obesity and insulin resistance in mice fed a high-fat diet 
(25, 179). RAGE also confers higher metabolic recovery after 
fasting or after a cold challenge through an increased thermo-
genic gene program and an intensified mitochondrial activity 
(178). Likewise, RAGE overexpression induces adipocyte 
hypertrophy accompanied by decreased glucose transporter 
4 and adiponectin expression together with enhanced insulin 
resistance (180). These effects appear to rely not only on 
RAGE, but also on its ligands HMGB-1 and S100B, thus con-
firming the role of RAGE axis in obesity-driven metabolic im-
balances toward an insulin resistant phenotype (180). 
Interestingly, HMGB-1 secreted by adipocytes triggers 
RAGE-mediated expression of IL-6, a major mediator of tis-
sue inflammation in diverse pathological conditions including 
cancer (181).

Further characterizing the role of the RAGE pathway in 
adipocyte-dependent microenvironmental responses of tumor 
progression, Sakurai and collaborators demonstrated that 
conditioned medium from adipose-derived stromal cells in-
duce breast cancer cell proliferation and migration through 
the activation of the S100A7/RAGE axis (182). It should be 
mentioned that the RAGE pathway seems to be implicated in 
the acquisition of detrimental features in the adipose tissue 

adjacent the tumor mass, toward the establishment of tumor 
inflammation (Fig. 3). In this regard, it was recently shown 
that the AGE–RAGE pathway is among the most strongly en-
riched pathways driving the transition to a cancer-associated– 
like phenotype in adipose-derived mesenchymal stem/stromal 
cells exposed to triple negative breast cancer secretome (183). 
In addition, a thorough investigation of the molecular, bio-
logical and functional features of tumor-associated adipose tis-
sue from 3 different tumor models established loss of adipocyte 
specification, necrosis and lipids release, together with robust 
expression of HMGB-1 and infiltration of lipid-containing 
and foam cell-resembling macrophages (184). Thus, the 
RAGE pathway might contribute to the instigation of an in-
flammatory tumor microenvironment which propagates detri-
mental stimuli initiated in the aberrant adipose tissue (Fig. 3). 
Collectively, these observations suggest that RAGE and its li-
gands may play a crucial role in obesity-driven inflammation 
and impaired insulin sensitivity which put together diabetes, 
obesity and cancer (Fig. 3).

RAGE Signaling in Tumor Inflammation and 
Immune Evasion
In healthy tissues, RAGE acts as a relevant arm of innate im-
munity for protection against infective agents through the in-
stigation of an inflammatory response aimed at eliminating 
the pathogen. In cancer, RAGE promotes a peculiar type of 
sterile inflammation (not associated with infective pathogens), 
which is a chronic, low-grade response, aimed at eliminating 
cancer cells. However, a long-term and unopposed activation 
of inflammatory programs ends up in fostering tumor progres-
sion. In this scenario, RAGE and its ligands appear to play a 
critical role (Fig. 4), as indicated by mounting clinical and ex-
perimental evidence. For instance, Chen et al employed RAGE 
knockout animal models of invasive and noninvasive gliomas 
and found that the genetic depletion of Ager increases the sur-
vival rates of mice; this effect was not due to reduction growth 
rate, but rather to inhibition of the inflammatory cytokine net-
work (185). In support of these findings, RAGE signaling was 
shown to promote a dysfunctional inflammatory microenvir-
onment characterized by a high degree of immune cell infiltra-
tion in diverse types of tumors (186-188). Further dissecting 
the role of RAGE in tumor inflammation, this receptor ap-
pears to be equally expressed in both M1- and M2-like macro-
phages, despite the opposite role played by these phenotypes 
in tumor progression (189). In TAMs, RAGE/HMGB-1 sig-
naling has been shown to empower cancer cells with invasive 
and angiogenic abilities (190). Similarly, in hypoxic metastatic 
melanoma, HMGB-1 released by cancer cells drives the release 
of IL-10 from TAMs and prompts their accumulation through 
RAGE (191), thus suggesting that the HMGB-1/RAGE path-
way may represent an evading strategy used by the cancer im-
mune compartment in low oxygen conditions. On the other 
hand, HMGB-1/RAGE signaling may reduce the motility of 
TAMs in low oxygen environments, thus indicating that add-
itional efforts need to be undertaken to uncover the potential 
of HMGB-1/RAGE axis, particularly in stressful conditions 
associated with ROS generation (192). In this context, Rojas 
et al observed that RAGE expression persists during macro-
phages polarization from the proinflammatory M1 to the anti- 
inflammatory M2 phenotype. They propose that in 
M2-polarized macrophages, RAGE signaling circumvents 
the typical activation of NF-κB by recruiting NF-κB negative 
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regulators like SOCS1 and the Src homology-2 domain- 
containing inositol 5-phosphatase 1 (SHIP-1), allowing for 
the facilitation of protumor effects of M2 macrophages and 
leading to enhanced invasion and angiogenesis (190). These 
data indicate that, despite bypassing classical NF-κB inflam-
matory signals, RAGE engages M2-polarized macrophages 
through alternate signaling pathways to foster aggressive bio-
logical responses in surrounding tumor cells (189).

As an effector of innate immunity, RAGE elicits tumor- 
promoting actions also through the regulation of biological 
responses triggered by activation of the NLRP3 inflamma-
somes, as well as by neutrophils and natural killer cells. For in-
stance, the RAGE hetero-ligand S100A8/S100A9 induces 
ROS-dependent activation of the NLRP3 inflammasome 
(193), which plays a remarkable role in the progression 
of certain tumors like glioma and mesothelioma (194). 
Additionally, the increase in NLRP3 levels and the subsequent 

build-up of HMGB-1 appear to contribute to the establish-
ment of chemotherapy resistance in malignant mesothelioma 
(195). Conversely, the HMGB-1/RAGE–NFκB–NLRP3 in-
flammasome pathway, engaged in glioblastoma cells treated 
with the anticancer agent temozolomide, contributes to drug 
chemosensitivity through the re-education of macrophages to-
ward a tumor suppressive phenotype (196).

These controversial data reflect the opposite roles played by 
the NLRP3 inflammasome, possibly through RAGE, in cancer 
progression, corroborating that this molecular component of 
innate immunity elicits a regulatory role based on the tumor 
type, stage and effector involved.

RAGE signaling has been shown to promote the formation 
of neutrophil extracellular traps (NETs), complex macromol-
ecular web-like structures composed of DNA chromatin ex-
truded by activated neutrophils and decorated with histone 
proteins (197) (Fig. 4). First identified for their ability to 

Figure 3. RAGE action in obese- and diabetic-related cancers. RAGE ligands may be released by the tumor mass in response to stressful conditions, such 
as glycoxidative stress and adipose tissue activation. Once released in the tumor milieu, RAGE ligands facilitate the establishment of insulin resistance 
and hyperinsulinemia. In addition, RAGE ligands prompt stimulatory effects like cell proliferation, migration, invasion, immuno-evasion and chemore-
sistance. Abbreviation: ROS, reactive oxygen species.
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entrap and get rid of pathogens, NETs have also been shown 
to sequester circulating cancer cells thus eliciting antitumor ef-
fects; nonetheless, several tumor-promoting actions of NETs 
have been described, including their ability to serve as an ad-
hesion substrate in the metastatic niche for the formation of 
secondary tumors, to promote ECM remodeling and vascular 
permeability, as to foster EMT (197). In this context, RAGE 
contribution to NET-osis toward tumor growth and progres-
sion has been shown in gliomas, colorectal and pancreatic 
cancer, where RAGE signaling triggered autophagy- 
dependent NETs formation (198-200). Conversely, Sionov 
et al showed that neutrophils recognize and target cancer cells 
through RAGE, thus eliciting cytotoxic activity in a contact- 
dependent manner. Cathepsin G expressed on neutrophils 
and RAGE expressed on tumor cells represent the main mo-
lecular effectors of this anticancer effect (201). These observa-
tions are in accordance with the evidence that S100A8-A9/ 
RAGE axis activates natural killer cells and halts tumor 
growth in vivo, an effect that is prevented by obliterating 
RAGE signaling (202).

These contrasting findings shed light on the need to deepen 
our knowledge on the complex mechanisms determining the 
fate of inflammatory RAGE signaling toward a tumor- 
promoting (immune-evasion) or tumor-restraining (immune- 
recognition) effect. However, it is clear that the RAGE axis 
not only regulates innate immunity, but also serves as a bridg-
ing molecule in the connection between innate and adaptive 
responses of the immune system in cancer. In this regard, 
the RAGE ligand HMGB-1 was shown to suppress dendritic 
cells and thus interfere with host anticancer response toward 
metastatic evolution in murine models of colorectal cancer 
(203); likewise, in colorectal cancer patients an increased 

expression of tumoral HMGB-1 was associated with reduced 
dendritic cells in primary tumors of metastasis-positive pa-
tients (203). Neoplastic keratinocytes of the genital tract 
were shown to secrete HMGB1, which attracted plasmacytoid 
dendritic cells at the tumor site, thereby inducing a 
RAGE-mediated phenotypic change reminiscent of tolerogen-
ic response; these data indicate that HMGB-1 released from 
epithelial cancer cells coopts RAGE signaling in adjacent plas-
macytoid dendritic cells to evade tumor immunity (204). 
Furthermore, the HMGB-1/RAGE pathway induced upon 
stressful conditions like UV exposure fostered the expression 
of the immune checkpoint programmed death-ligand 1 
(PD-L1) resulting in a diminished CD8+ T cell–dependent 
cytotoxicity in melanoma (205). These findings are consistent 
with the observation that HMGB-1 is more highly expressed 
in cancer patients insensitive to immune checkpoint inhibitors 
compared with patients that respond to therapy (206). In add-
ition, the RAGE ligands S100A8 and S100A9 released in ad-
vanced pancreatic ductal adenocarcinoma lesions induce an 
expansion of a subset of monocytic MDSCs, a heterogeneous 
population of myeloid cells with immune suppressive activity 
(207); however, the involvement of RAGE was hypothesized 
but not assessed in this study (207). Supporting these findings, 
Wuren et al demonstrated that RAGE contributes to lung tu-
mor growth and metastatic burden by recruiting and promot-
ing the biological functions of MDSCs, thus establishing an 
immune indolent microenvironment permissive to disease 
progression; these effects involve the RAGE ligands S100A8/ 
S100A9 and NF-κB signaling activated in the hematopoietic 
compartment (208). On the other hand, a recent interesting 
study showed that S100A9 elicits immunosuppressive actions 
in a RAGE-independent manner in BCRA1-mutated breast 

Figure 4. RAGE-dependent immune evasion toward cancer progression. RAGE activation by ligands induces differentiation of M2 macrophages and 
their accumulation, leading to the suppression of anticancer immunity due to multiple mechanisms (ie, activation of TREG cells, inhibition of NK and CD8+ 

T cells). Likewise, RAGE ligands released by cancer cells exposed to radiotherapy and chemotherapy stress induce the expression of the immune ch-
eckpoint PD-L1, thereby hindering CD8+ T cell–dependent cytotoxicity. Similarly, RAGE ligands inhibit DCs and mobilize MDSCs to halt immune rec-
ognition. Parallel, RAGE ligands induce the formation of NETs, which facilitate tumor progression. Abbreviations: DCs, dendritic cells; M2, M2-like 
macrophages; MDSCs, myeloid derived suppressor cells; NETs, neutrophil extracellular traps; NKs, natural killer cells; PD-L1, programmed death-ligand 
1; RAGE, receptor for advanced glycation end products; TREGs, T regulatory cells.
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cancer (209), thus suggesting that further mechanisms may 
contribute to immune evasion in certain tumor contexts. 
However, data collected from a transgenic animal model of 
spontaneous murine pancreatic ductal adenocarcinoma indi-
cate that RAGE promotes the accumulation of MDSCs 
(210). Notably, these effects may be mediated not only by 
RAGE but also by the TLR4, which serves as a binding mol-
ecule for several ligands of RAGE. These findings further sug-
gest that a cooperative interaction between RAGE and TLRs 
may be implicated in the MDSC regulatory role, as observed 
in colorectal cancer (211).

RAGE and IIGFs Cross-talk in 
Meta-inflammation
Accumulating evidence establishes cooperation between 
RAGE and IIGFs in driving metabolic-dependent inflamma-
tory responses. Nearly 15 years ago, a breakthrough study 
by Unoki and collaborators identified for the first time the 
role of RAGE in prompting insulin resistance mediated by 
ROS in adipocytes (212). Later on, additional research groups 
confirmed these findings and identified certain ligands of 
RAGE that, together with ROS, may induce insulin resistance 
(180, 213). In this condition, an aberrant activation of IIGFs 
occurs. For instance, when insulin action is impaired in per-
ipheral target tissues, the establishment of a compensatory hy-
perinsulinemia contributes not only to the metabolic actions, 
but also to the mitogenic effects elicited by insulin through IR 
and IGF-1R. Furthermore, during hyperinsulinemia an in-
creased activation of IGF-1/IGF-1R is detected because of 
augmented hepatic production and systemic bioavailability 
of IGF-1 (214). The resulting hyperactivation of IIGFs con-
tributes to foster proliferative, invasive, and survival re-
sponses in both premalignant and malignant contexts (215).

Interestingly, RAGE activation induces the transcriptional 
regulation of IGF-1, thereby contributing to amplifying 
IIGFs signaling (216). In parallel, an increased activation of 
IGF-1R is observed upon stimulation with AGEs (217). 
Together, these findings support bi-directional interaction be-
tween RAGE and IIGFs (Fig. 5), a concept reinforced by the 
evidence that most of RAGE-dependent translational effectors 
are also activated by IIGFs.

NF-kB Pathway Is Engaged by the Network of RAGE 
and IIGFs Signaling
The NF-κB family consists of a group of evolutionary con-
served transcription factors activated in response to a hetero-
geneous plethora of cellular stressors to regulate immune and 
inflammatory responses and protect from damage. 
Nevertheless, constitutive activation of the NF-κB pathway 
is associated with diverse disease states, including cancer. 
The regulation of the cell transcriptional machinery by 
NF-κB implies the cooperation of all the 5 structurally related 
members constituting the NF-κB family: NF-κB1 (also known 
as p50), NF-κB2 (also known as p52), RelA (also known as 
p65), RelB, and c-Rel (218). The NF-κB proteins are usually 
sequestered in the cytoplasm by a family of inhibitory proteins 
of the IκB family members, which prevent NF-κB nuclear 
translocation and gene transcription. However, upon several 
stimuli like cytokines and PRRs, IκBα is phosphorylated by 
a multisubunit IκB kinase (IKK) complex and thereafter de-
graded by means of proteasomal ubiquitination; and 

subsequently, a rapid and transient nuclear translocation of 
the canonical members p50/RelA and p50/c-Rel occurs, thus 
switching on gene transcription. Numerous studies have high-
lighted the role of the NF-κB pathway in transducing signals 
initiated by RAGE activation in diverse pathological condi-
tions including cancer. For example, NF-κB activation repre-
sents a signaling event engaged in response to various RAGE 
ligands, as it has been demonstrated for AGEs, HMGB-1, sev-
eral S100 proteins, and HSP70. For instance, the binding of 
RAGE by its ligands AGEs, S100P and S100A8/A9 induced 
transcriptional effects and biological responses dependent 
on NF-κB activation in pancreatic cancer cells (219). In add-
ition, extracellular HSP70 binds RAGE to trigger NF-κB 
proinflammatory gene expression in human lung cancer cells 
(220). Notably, in pancreatic cancer unliganded RAGE main-
tains oncogenic KRas signaling through a feed-forward stimu-
latory mechanism that involves NF-κB–mediated 
inflammation (221). This transduction pathway was also in-
volved in the establishment of therapy resistance in acute leu-
kemia cells subjected to chemotherapy. Mechanistically, the 
release of HMGB-1 from autophagic cancer cells prompted 
NF-κB–mediated action toward reduced drug sensitiveness 
(222). In addition, AGE/RAGE signaling activates a particular 
NF-κB–dependent transcriptional signature implicated in col-
lagen deposition (223), indicating that gene pattern instructed 
upon RAGE activation may induce deep ECM remodeling 
that depends on the specific engagement of NF-κB. Not sur-
prisingly, NF-κB action in cancer may include the recruitment 
of noninflammatory but yet tumor-promoting pathways. In 
this context, NF-κB pathway is activated in conditions of 
metabolic deregulations associated with alterations of the 
IIGF pathways. In fact, in breast cancer cells, IGF-1 was 
shown to induce proliferative effects through the PI3K/AKT 
signaling and IRS-2-mediated NF-κB transcriptional activity 
(224). Microarray data analysis coupled with enrichment path-
way analysis indicated that the signaling network IGF-1/PI3K/ 
NFκB/ERK is associated with aggressive features of high-grade 
serous epithelial ovarian cancer, including reduced sensitivity to 
platinum-based treatments (225). In addition, the CD74- 
NRG1 gene fusion product, a hybrid gene resulting from 
structural DNA rearrangements and leading to aberrant ErbB 
signaling, has been shown to hyperactivate NF-κB signaling 
pathway; in turn, the dysfunctional NF-κB response engages 
IIGFs, as evidenced by the enhanced secretion of IGF2 and 
the increased phosphorylation of IGF-1R (226). 
Corroborating these observations, the transcription of IGF2 ap-
pears to rely on the occupation of candidate NF-κB binding site 
motifs present in the human IGF2 promoter (227).

Taken together, these observations place NF-κB signaling 
among the transduction pathways shared by RAGE and 
IIGFs toward cancer progression through the modulation of 
metabolic and inflammatory responses. Conceivable with its 
action of transcription factor implicated in cell response to 
stress, NF-κB regulates metabolic pathways mainly during 
stressful conditions like overnutrition (228). A paradigmatic 
example is provided by the evidence that (1) NF-κB contrib-
utes to the inflammatory response instigated by macrophages 
in conditions of obesity and (2) NF-κB is involved in the estab-
lishment of insulin resistance. In this regard, it has been shown 
that components of the NF-κB pathway like the noncanonical 
IKK kinase IKK3, which regulates the late phase of the NF-κB 
transcriptional activity, is required for the establishment of 
obesity induced by high-fat diet (229). Interestingly, a 
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milestone study on the role of NF-κB in the regulation of 
insulin sensitivity demonstrated that mice heterozygous for 
IKKb (Ikk2+/−) are protected against insulin resistance in re-
sponse to high-fat diet and genetically induced obesity 
(230). Furthermore, diacylglycerol derived from fatty acids 
engages PKC signaling toward the B-cell lymphoma 10–medi-
ated activation of NF-κB and insulin resistance (231), which is 
also observed when a constitutively active form of IKKb aber-
rantly engages NF-κB activity (232). In these conditions, insu-
lin resistance, hyperinsulinemia, high fatty acids, and glucose 
intolerance are detected (232).

JAK/STAT Pathway Contributes to the Network 
of RAGE and IIGFs Signaling
Several membrane receptors, including cytokine and growth 
factor receptors, convey stimulatory signals through the 
Janus kinase (JAK)/STAT signaling pathway. First identified 
when characterizing the molecular mechanisms implicated 

in interferon signaling, the JAK/STAT family includes 4 mem-
bers of JAK (TYK2, Jak-1, Jak-2, Jak-3) and 7 members of 
STAT (STAT1, STAT2, STAT3, STAT4, STAT5 (a/b), 
STAT6), which regulate gene transcription, thereby inducing 
several biological responses implicated in tumorigenesis and 
neoplastic progression (233). JAK/STAT–mediated gene tran-
scription is initiated when the JAK kinase domain, character-
ized by tyrosine catalytic activity, recruits the SH2-like 
domain of other JAK/STAT proteins to form homodimers or 
heterodimers that move in the cell nucleus to be recruited to 
candidate sequences within the promoter of target genes 
(233). Several RAGE ligands including AGEs, S100A7, 
HMGB-1, S100A4 have been shown to recruit the JAK/ 
STAT signaling cascade and promote stimulatory effects in 
cancer. For instance, the AGE methylglyoxal promotes prolif-
erative and migratory effects in breast cancer and acute mye-
loid leukemia cells through a RAGE-dependent engagement of 
STAT3 (150, 234). In addition, the RAGE ligand HMGB-1 
may induce the release of IL-6 through the engagement of 

Figure 5. Signaling cross-talk between IIGFs and RAGE. Schematic representation of the translational mediators shared by IIGFs and RAGE which 
culminate in NF-κB, activator protein -1 and STAT3-mediated gene transcription. Ligands belonging to IIGFs induce receptor phosphorylation at tyrosine 
level (in yellow). The subsequent engagement of IRSs (1-4) promotes the activation of the PI3K/AKT/mTOR and the RAS/RAF/MEK/ERK cascades, to-
ward gene transcription and protein translation. IIGFs-mediated signals also involve the recruitment of NF-κB and JAK2/STAT3 pathway, which in turn 
promote the transcription of RAGE ligands (like S100A7), as well as the transcription of IIGFs ligands (like IGF-2). During insulin resistance, insulin receptor 
phosphorylation at serine (in red), rather than tyrosine residues, inhibits the activation of IRS-1/PI3K/AKT pathway, thus repressing insulin-mediated 
signals. RAGE activation contributes to insulin resistance through the engagement of PKC-ζ (PKCZ), which directly inhibits IRS-1/PI3K/AKT signaling. 
RAGE activation also induces the transcription of IGF-1, thus increasing its availability. Parallel, an increased phosphorylation of IGF-1R is evidenced upon 
activation of the AGE/RAGE axis, thereby amplifying IIGFs signaling. Abbreviations: AKT, protein kinase B; AP-1, activator protein 1; Dia1, diaphanous- 
related formin 1; ERK, extracellular signal-regulated kinase; GRB2, growth factor receptor–bound protein 2; IGF-1R, insulin-like growth factor-1 receptor; 
IKBa, I kappa b kinase type a; IKKB, inhibitor of nuclear factor kappa-B kinase subunit beta; IR, insulin receptor; JAK, Janus kinase; IR-A, insulin receptor 
isoform A, IR-B, insulin receptor isoform B; IRS, insulin-receptor substrate; MEK, mitogen-activated protein kinase kinase; MyD88, myeloid differentiation 
primary response 88; NF-κB, NF-κB, nuclear factor kappa-light-chain-enhancer; PI3K, phosphatidylinositol 3-kinase; PKC-ζ, protein kinase c zeta type; 
PIP-2, phosphatidyl inositol 4,5-bisphosphate; PIP-3, phosphatidylinositol (3-5)-trisphosphate; RAS, rat sarcoma family of proteins; RAF, rapidly 
accelerated fibrosarcoma protein; RAGE, receptor for advanced glycation end products; STAT, signal transducer and activator of transcription; shc, Src 
homology/collagen protein; SOS, son of sevenless protein.
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JAK2/STAT3 signaling pathway toward anticancer thera-
peutic resistance (235). Further extending these findings, the 
HMGB-1/RAGE pathway promoted the activation of an in-
flammatory gene program in the tumor microenvironment 
consisting of IL-23, IL-17, and IL-6, which engaged STAT3 
signaling thereby fostering melanoma tumor growth (236). 
STAT3 is also implicated in the upregulation of the RAGE li-
gands S100A8 and S100A9, leading to the accumulation of 
MDSCs and antitumor immunity (237). Likewise, an 
S100B/RAGE driven activation of STAT3 obliterates the im-
mune fractions of microglia in malignant gliomas, thus cor-
roborating the involvement of STAT3 in the promotion of 
immunosuppressive functions prompted by RAGE (238). 
Therefore, it is conceivable to postulate the role of 
RAGE-mediated JAK/STAT signaling in tumor immune 
modulation. In an effort to disclose the role of the RAGE/ 
STAT3 pathway at the crossroad between altered inflamma-
tion and metabolic dysfunction, Kang and coworkers found 
that RAGE-mediated autophagic programs in pancreatic can-
cer leads to IL-6-induced STAT3 activation and localization at 
the mitochondria, where pSTAT3 mobilizes the pool of avail-
able ATP thus supporting cell proliferation (161). As the ef-
fects mediated by RAGE on the engagement of 
inflammatory factors in the context of altered energy path-
ways occur during the early stages of pancreatic cancer le-
sions, it could be postulated that RAGE/STAT3 signaling 
represents a pathogenic molecular hub bridging together in-
flammation and metabolism toward the early development 
of pancreatic malignancy (161). The bidirectional interaction 
elicited between metabolic and inflammatory pathways 
through the RAGE/STAT3 signaling is evidenced in diverse in-
vestigations aimed at clarifying the tumor-promoting role eli-
cited by the RAGE ligand S100A7 in cancer. First, the 
calgranulin S100A7 has been shown to promote mammary 
tumorigenesis by coordinating the transcriptional profile of 
breast cancer toward metastatic and inflammatory programs 
in vitro; for example, enhanced lung metastasis and TAM re-
cruitment were observed in mice models of breast cancer after 
activation of the S100A7/RAGE/STAT3 pathway (239). In 
S100A7-mediated inflammatory actions, it has been shown 
that STAT3 directly regulates the transcriptional activation 
of the human S100A7 gene, as demonstrated in breast 
cancer cells stimulated with the proinflammatory cytokines 
oncostatin-M and IL-6 (240). These data suggest that 
STAT3 may either respond to S100A7 in triggering tumor in-
flammation and recruitment of immune cells, either reinforce 
the inflammatory microenvironment by fueling S100A7 tran-
scription in an autoregulatory loop. Interestingly, the interro-
gation of a coculture system based on carcinoma adipose 
stromal cells and breast cancer cells showed that paracrine in-
teractions between breast cancer cells and adipose stromal 
cells are facilitated by inflammatory mediators and involve 
the activation of the S100A7/RAGE/STAT3 pathway to 
prompt aggressive features (10). These observations point at 
STAT3 as an effector of multiple converging nodes of aberrant 
metabolic and inflammatory cascades that facilitate microen-
vironmental responses involved in cancer progression. In line 
with these observations, the IGF-1/IGF-1R signaling, which is 
frequently deregulated in conditions of obesity, diabetes and 
cancer, induces in breast cancer cells the STAT3-dependent 
upregulation of S100A7, which is extracellularly released to 
prime adjacent endothelial cells toward a RAGE-mediated an-
giogenic switch (99). Therefore, STAT3 may represent an 

alternate transduction factor engaged by IGF-1R, along with 
the classical PI3K/AKT and ERK1/2 signaling cascades, to me-
diate stimulatory actions in cancer cells through the activation 
of RAGE signaling (99). Likewise, insulin itself is known to 
activate STAT3 to convey intracellular messages of prolifer-
ation, as observed in keratinocytes (241). On the other 
hand, STAT3 has been implicated in the establishment of in-
sulin resistance in mice fed a high-fat diet (242), which are 
known to depend on RAGE for the accumulation of body 
weight, the development of insulin resistance and of altered 
glucose tolerance (25).

In the context of obesity, a chronic activation of the JAK/ 
STAT3 pathway is known to promote SOCS3 binding to 
IRS-1 and -2, which leads to their ubiquitin-mediated degrad-
ation, facilitating insulin resistance (243). Hence, the pro-
longed activation of RAGE occurring during obesity and/or 
diabetes may contribute to the STAT3-dependent impairment 
of insulin function, and the subsequent establishment of hy-
perinsulinemia. High levels of circulating insulin may contrib-
ute to the detrimental actions elicited by this hormone in 
cancer contexts, which have been extensively demonstrated 
(93). Notably, STAT3 is implicated in the stimulatory 
responses elicited by hyperglycemia (244), a condition 
well-known to be characterized by aberrant RAGE signaling 
toward inflammation and disease progression (23).

PI3K/AKT and MEK/ERK Pathways Function Within 
the Network of RAGE and IIGFs Signaling
The interaction of RAGE with its ligands triggers signaling 
cascades that include the PI3K/AKT/mTOR and the ERK1/2 
transduction pathways, implicated in the transmission of sig-
nals from extracellular stimuli to the intracellular transcrip-
tional machinery in normal and cancer cells. Upon RAGE 
ligand binding, stimulation of both the PI3K/AKT and the 
MAPK signaling cascades converge on NF-κB, either trigger-
ing AP1-dependent gene transcription and/or STAT3 
activation.

In prostate cancer cells, AGE/RAGE interaction has been 
shown to activate PI3K/AKT signaling leading to the degrad-
ation of retinoblastoma protein and proliferative effects (245). 
The engagement of the PI3K/AKT/mTOR pathway occurs 
also for other RAGE ligands implicated in tumor progression, 
like S100A4, S100A7, and HMGB-1 (99, 246, 247). 
However, certain ligands like S100A11 bypass PI3K/AKT ac-
tivation to engage mTOR signaling through the adaptor pro-
tein MyD88, which interacts with RAGE cytoplasmic tail 
upon ligand binding, to recruit downstream signaling cas-
cades (132, 248). In parallel with PI3K/AKT/mTOR pathway, 
RAGE recruits ERK1/2 signaling cascade by either directly 
binding to the cytoplasmic D-domain–like docking site 
(249), or by activating the Rho family small G-proteins and 
cdc42/Rac (21). ERK activation appears to be required for 
the acquisition of migratory, invasive, and mesenchymal-like 
phenotypes observed after RAGE overexpression in lung can-
cer cells, as well as for the accumulation of TAMs and forma-
tion of lung metastasis (187). In addition, the HMGB-1/ 
RAGE pathway induces ERK activation toward autophagy 
activation and cell survival in lung adenocarcinoma cells ex-
posed to nutrient depletion (250), indicating that ERK1/2 rep-
resents 1 of the signaling nodes employed by RAGE axis to 
cope with metabolic stressors. Similarly, the RAGE ligands 
S100A7, HMGB-1, S100P, and S100A4 trigger ERK1/2 
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signaling to promote stimulatory actions in breast, colorectal, 
pancreatic, gastric, renal and thyroid cancer (99, 159, 251- 
254). A study by Kang et al, showed that HMGB-1 released 
by necrotic fibroblasts induces a metabolic reprogramming 
in adjacent pancreatic cancer cells consisting of enhanced 
OXPHOS-dependent energetic flux and ATP production 
(161). Such actions support cell proliferation and migration, 
and appear to depend on RAGE localization at the mitochon-
drial complex I, its phosphorylation at Ser377, and its inter-
action with pERK1/2 (161). This interesting study provides 
evidence for the role of the inflammatory microenvironment 
in instigating metabolic rearrangements permissive for cancer 
progression through the involvement of RAGE-dependent 
ERK1/2 signaling.

The PI3K/AKT and the MAPK signaling pathways are also 
engaged by the IIGFs to prompt aggressive features in diverse 
types of tumors. While the PI3K/AKT signaling is mainly im-
plicated in insulin-mediated responses, the ERK1/2 pathway 
mostly responds to IGFs. These signaling pathways are impli-
cated in the regulation of the energetic metabolism of cancer 
cells induced by IIGFs. In fact, in breast cancer cells engineered 
for the overexpression of IGF2, an increased activation of 
ERK1/2 and AKT is detected, together with higher metabolic 
capability and enhanced proliferative and invasive properties 
(43). Both ERK1/2 and AKT signaling cascades are implicated 
also in the IGF1-induced activation of the S100A7/RAGE 
pathway which leads to increased breast tumor angiogenesis 
(99). These data establish the involvement of IIGFs in activat-
ing RAGE axis through ERK1/2 and AKT signaling in cancer.

The relationship between RAGE and IIGFs is further sup-
ported by evidence that RAGE knockdown attenuates insulin 
resistance in response to stressful conditions like hypoxia, as 
demonstrated by the inhibition of IRS-1 serine phosphoryl-
ation, the increased activation of AKT, and the improvement 
of glucose uptake (255). Also, the RAGE ligand HMGB-1 
halts insulin-induced AKT phosphorylation, used as a 
readout for insulin sensitivity/resistance, through RAGE and 
TLR4 (256).

One might postulate that RAGE axis controls insulin sig-
naling and promotes a metabolic shift toward insulin resist-
ance, associated with decreased AKT activation and the 
establishment of compensatory hyperinsulinemia, which trig-
gers stimulatory actions in cancer cells.

The molecular mechanisms potentially implicated in this ac-
tion suggest that PKC-ζ may serve as a main actor in the regu-
lation of insulin sensitivity by RAGE. First, it has been shown 
that PKC-ζ phosphorylates RAGE at Ser391 after ligand bind-
ing; also, PKC-ζ appears to be implicated in the phosphoryl-
ation of IRS-1 at Ser318 and Ser570, which support the 
downstream inhibitory effect observed during prolonged hy-
perinsulinemia, paving the way to insulin resistance (257). 
Also, in conditions that mimic a hyperglycemic and hyperin-
sulinemic environment, the stimulation of IRS-1 Ser318 and 
AKT Thr34 by PKC-ζ dramatically impacts on insulin cap-
ability to uptake glucose by adipocytes (258). Taken together, 
these observations implicate PKC-ζ as a molecular effector of 
both RAGE-signaling and insulin resistance through the direct 
inhibition of IRS-1/AKT activation.

Further investigations are warranted to clarify the role of 
RAGE in insulin-rich milieu, as the data suggest that microen-
vironmental conditions implicated in the establishment of in-
sulin resistance and aberrant insulin signaling are initiated by 
inflammation and may involve the RAGE pathway to generate 

a permissive niche for tumor progression. Therefore, in some 
contexts RAGE may play a dual tumor promoting role, by in-
stigating an obesity-driven inflammatory microenvironment 
on 1 side, and by perpetuating the main trigger of insulin re-
sistance and hyperinsulinemia on the other side.

On this basis, RAGE cross-talk with signaling pathways ac-
tivated in response to aberrant IIGFs may provide a valuable 
target for molecular intervention, particularly in those cancer 
types associated with meta-inflammation.

“Un-RAGE-ing” Meta-inflammation: 
Therapeutic Opportunities
The evidence that RAGE KO mice are viable and healthy, and 
with no signs of altered embryonic development (259) sug-
gests that targeting aberrant RAGE signaling may represent 
a reasonably feasible approach to halt a number of patho-
logical conditions associated with altered inflammation and 
metabolism, including cancer.

Specific RAGE inhibition strategies with known anticancer 
activity in preclinical and clinical studies are summarized in 
Table 1 and include (1) small molecules like FPS-ZM1 
(N-benzyl-N-cyclohexyl-4-chlorobenzamide); (2) RAGE neu-
tralizing antibodies; (3) RAGE DNA oligonucleotide ap-
tamers; (4) RAGE binding peptide; (5) soluble RAGE 
(sRAGE).

In addition, repurposing strategies have proposed that 
RAGE-mediated action in cancer is halted also by several 
FDA-approved drugs such as metformin, pioglitazone, sulin-
dac, chloroquine, heparin (Table 1).

The global anticancer mechanisms elicited by RAGE inhib-
itors have been described extensively; however, an in depth fo-
cus on available strategies known to target RAGE-mediated 
aberrant inflammation and deranged metabolism might be 
useful to better exploit current anticancer therapeutic oppor-
tunities and further develop novel approaches, particularly in 
the context of neoplastic diseases characterized by a strong in-
flammatory component and/or undue metabolic imbalances.

Inhibiting RAGE
The small peptide FPS-ZM1 (N-benzyl-N-cyclohexyl-4 
-chlorobenzamide), which inhibits the interaction between 
RAGE V domain and ligands, interferes with RAGE-mediated 
transduction inflammatory responses in various tumor contexts. 
For instance, in murine models of breast cancer, the administra-
tion of FPS-ZM1 was shown to prevent inflammatory cell re-
cruitment, as demonstrated by a reduction in both 
tumor-associated leukocytes and macrophages (260). This ef-
fect, was accompanied by a reduced metastatic burden at lung 
and liver, thus suggesting that FPS-ZM1 may be further investi-
gated for its ability to facilitate antitumor immunity and thwart 
metastatic dissemination.

Likewise, among the anticancer actions elicited by 
FPS-ZM1, the reduced levels of the immune checkpoint in-
hibitor PD-L1 appear to be accountable for the restoration 
of anticancer immunity observed in melanocytes exposed to 
UVs-triggered inflammatory stimuli (205). In agreement 
with these findings, the treatment with FPS-ZM1 was able 
to prevent S100A9-induced MDSCs chemotaxis and migra-
tion in colorectal cancer, indicating that RAGE inhibition nor-
malizes the immunosuppressive milieu generated in response 
to inflammatory-prone tumor niches (211).
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Table 1. Schematic example of inhibitors of RAGE axis with anticancer properties

RAGE inhibitor/ 
inhibition strategy

Target of inhibition Cancer type Effect Ref.

FPS-ZM1 RAGE Breast cancer Reduced cell migration and invasion; decreased 
tumor growth, metastasis formation and 
angiogenesis

(260)

RAGE Pancreatic cancer Reduced tumor growth (221)

RAGE/HMGB1 Melanoma Restoration of anticancer immunity (205)

RAGE/S100A9 Colorectal cancer Restoration of anticancer immunity (211)

RAGE/S1007 Breast cancer Reduced tumor angiogenesis (99)

RAGE/S1008-A9 TNBC Reduced cell proliferation, migration and colony 
formation

(261)

RAGE/HMGB-1 Cervical cancer Reduced LPS-dependent malignant transformation (262)

RAGE/HMGB-1 Pancreatic cancer Reduced tumor growth in combination with 
gemcitabine

(263)

RAGE/S100P Nasopharyngeal 
carcinoma

Reduced cell proliferation and migration (264)

RAGE/AGEs TNBC Reduced cell migration and invasion (265)

TTP-488 RAGE/AGEs Prostate cancer Reduced tumor formation and cell migration (174)

TTP-488 analogue RAGE TNBC Reduced cell proliferation and survival (266)

RAP RAGE Pancreatic cancer and 
glioma

Reduced tumor growth and metastasis (267)

S100P/RAGE Pancreatic cancer Reduced cell proliferation, survival, migration, and 
invasion

(267)

RAGE Pancreatic cancer Delayed tumor development (152)

RAGE/S100A14 Esophageal squamous cell 
carcinoma

Reduced cell proliferation and survival (268)

RBP RAGE Glioblastoma Reduced tumor growth and angiogenesis (269)

RAGE aptamer RAGE/S100AB Colorectal cancer Reduced tumorigenesis (270)

AGE/RAGE Melanoma Reduced tumor growth and liver metastasis (271)

RAGE Melanoma Reduced tumor growth and angiogenesis (272)

siRNA RAGE Breast cancer Reduced cell proliferation (273)

RAGE/HMGB-1 Pancreatic cancer Reduced tumor growth (161)

RAGE/AGE Prostate Reduced cell proliferation (245)

shRNA RAGE/HMGB-1 Breast cancer Reduced expression of immune checkpoint 
inhibitors, reduced cell invasion

(274)

RAGE/HMGB-1 Hepatocarcinoma Reduced cell invasion (275)

Genetic ablation RAGE Hepatocarcinoma Reduced tumorigenesis (276)

ODNs RAGE/AGE Colon cancer Reduced cell growth, invasion and migration (277)

Primary acute myeloid 
leukemia

Inhibition of AGE-induced cell growth (234)

Neutralizing antibody RAGE/HMGB-1 Gastric cancer Decreased cell survival (278)

RAGE/HMGB-1 Colorectal Reduced EMT (279)

RAGE/AGE Breast cancer Reduced cell proliferation (150, 151)

RAGE/AGE Colorectal cancer and 
hepatic

Decreased cell proliferation, migration and invasion (157, 280)

RAGE/S100A7 Breast cancer Reduced cell proliferation, reduced tumor growth 
and metastasis

(188)

RAGE/sulfated 
glycosaminoglycans

Lung cancer Reduced metastasis (281)

RAGE/HMGB-1 Thyroid cancer Reduced expression of the oncogenic cluster mir221/ 
222, implicated in the regulation of cell 
proliferation

(282)

ADCs RAGE Endometrial cancer Selective cytotoxicity in vitro and in vivo (283)

Pioglitazone RAGE Hepatic cancer Reduced cell proliferation (284)

Chloroquine RAGE Pancreatic ductal 
adenocarcinoma

Reduced tumor growth in vitro and in vivo (285)

(continued) 
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Table 1. Continued  

RAGE inhibitor/ 
inhibition strategy

Target of inhibition Cancer type Effect Ref.

BMS-687681 RAGE Pancreatic ductal 
adenocarcinoma

Enhanced efficacy of immunotherapy and 
radiotherapy

(286)

Cromolyn RAGE/S100P Pancreatic cancer Inhibition of tumor growth increased effectiveness of 
gemcitabine

(287)

Papaverine RAGE/HMGB-1 Glioblastoma Reduced cell proliferation and migration (288)

RAGE/HMGB-1 Fibrosarcoma Reduced cell proliferation, migration and invasion (289)

RAGE/HMGB-1 Glioblastoma Reduced tumor growth, enhanced radiosensitivity, 
enhanced efficacy of temozolomide

(290)

Heparin RAGE/HMGB-1 Fibrosarcoma Reduced tumorigenesis and metastasis formation (291)

Quercetin RAGE/HMGB-1 Breast cancer Protection from necrotic insult, induction of 
apoptosis

(292)

Pancreatic cancer Enhanced gemcitabine effectiveness (293)

Metformin AGE/RAGE interaction Breast cancer Reduced expression of angiogenic mediators, 
reduced cell proliferation

(294)

AACOCF3 RAGE/S100A7 Breast cancer Reduced tumor burden and enhanced, 
immunosuppressive environment

(295)

sRAGE S100A4 Melanoma Reduced cell transmigration (296)

HMGB-1 Glioma Reduced tumor growth and metastasis formation (297)

Neutralizing antibody HMGB-1 Pancreatic cancer Reduced tumor growth

Oral cancer Reduced bone destruction (161, 298)

Head and neck cancer Reduced bone pain associated with bone invasion (299)

Colorectal cancer Reduced tumor growth and metastasis formation (300)

Prostate cancer Sensitization to paclitaxel (301)

Ethyl pyruvate HMGB-1 Gallbladder cancer Reduced cell proliferation (302)

Thoracic cancers Protection from radiation-induced damage (303)

Lung cancer Reduced growth, invasion and migration of 
nonsmall-cell lung cancer cells

(304)

Glycyrrhizin HMGB-1 Esophageal carcinoma Reduced tumor growth and angiogenesis (305)

Colorectal cancer Reduced tumorigenesis and inflammation (306)

Invasive breast, lung and 
cervical cancer

Increased efficacy of anti-PD-1 based 
immunotherapy

(307)

Prostate cancer Sensitization to paclitaxel (301)

Gastric cancer Reduced cell proliferation (278)

shRNA HMGB-1 Hepatocellular carcinoma Tumor growth (308)

HMGB-1 TNBC Reduced cell viability 
Reduced EMT transition

(309)

Neutralizing antibody S100A4 Pancreatic cancer Reduced tumor growth and angiogenesis (310)

Breast cancer Reduced tumor progression, premetastatic niche 
formation and T cell infiltration

(311)

Sulindac S100A4 Colon cancer Reduced metastasis formation (312)

Calcimycin S100A4 Colon cancer Reduced metastasis formation (313)

Peptibody S100A8/S100A9 Lymphoma Reduced tumor growth associated with depletion of 
MDSCs

(314)

Genetic ablation S100A8/S100A9 Hepatic cancer Reduced cell proliferation and tumor growth (315)

Tasquinimod S100A9 Prostate cancer Prolonged survival of patients with metastatic 
castration–resistant prostate cancer

Clinical 
trial 
(316)

ONO-2506 S100B Glioma Reduced TAM infiltration increased survival in 
animal models of glioma

(317)

siRNA S100B Ovarian cancer Reduced self-renewal in vitro and tumorigenicity in 
vivo

(318)

Neutralizing antibody S100B Colon cancer Reduced cell proliferation, migration and invasion (319)

Duloxetine S100B Glioma Reduced trafficking of tumor-associated 
myeloid-derived cells reduced tumor growth

(320)

(continued) 
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With the aim to further assess the ability of 
RAGE-blocking strategies to normalize aberrant inflamma-
tion, Nasser et al employed a transgenic mouse model of 
breast cancer engineered to mimic the hyperactivation of 
RAGE signaling through the overexpression of S100A7. In 
this model system, the administration of a RAGE neutralizing 
antibody halted the recruitment of TAMs at the tumor site 
and hampered metastasis formation, an effect observed also 
after administration of sRAGE, which serves as a scavenger 
for RAGE ligands thereby preventing the detrimental conse-
quences of membrane RAGE activation (188). In addition, 
the administration of both sRAGE and a RAGE neutralizing 
antibody induced a substantial decrease of M2 macrophages 
accumulation in the lungs. Therefore, the inhibition of metas-
tasis formation occurs, at least in part, through the decrease 
of inflammatory cells recruitment (188). Extending these 
findings, an anti-RAGE peptide was shown to restore im-
mune recognition in cervical cancer by preventing dysfunc-
tional plasmacytoid dendritic cells activity in the tumor 
microenvironment (204).

Along with their acknowledged action in preventing inflam-
matory damage and immune escape, several RAGE inhibitors 
have been shown to normalize the response of cancer cells to 
abnormal energy metabolism. For instance, in high glucose 
environments a RAGE blocking antibody was shown to pre-
vent glyco-metabolic responses associated with lung cancer 
progression (153). This beneficial action mainly relied on 
the inhibition of NOXs activity and with the suppression of 
inflammatory responses (153). In addition, a RAGE antagon-
ist peptide was shown to prevent the proliferative effects in-
duced in pancreatic cancer cells by CML, whose levels may 
increase in neoplastic diseases and in diabetes (152).

Similarly, a RAGE-blocking antibody halted the activation 
of transcriptional programs conducive to glycolytic and ana-
bolic activity induced by AGEs in colorectal and liver cancer 
cells, thus contributing to block aberrant proliferation rates 
(157, 280). Further extending these findings, depleting the 
RAGE ligand S100A4 reduced mitochondrial respiration, 
with a drastic shift of cellular metabolism to glycolysis. This 

rendered lung cancer cells more sensitive to glycolysis inhibi-
tors and decreased tumor growth and metastatic rates in ani-
mal models of lung cancer (168).

Evidence that RAGE regulates the metabolic features of the 
tumor microenvironment comes from a study showing RAGE 
inhibition exhausts the stimulatory cross-talk between cancer 
cells and CAFs (174). More specifically, the orally bioavail-
able RAGE inhibitor TTP-488 decreases nutrition-associated 
and glycoxidation-mediated tumorigenesis in vivo, also by re-
pressing fibroblasts activation (174).

Inhibition of RAGE activation may also normalize the det-
rimental tumor microenvironment. Indeed, a neutralizing 
antibody directed at the RAGE ligand HMGB-1 abrogated 
the activation of CAFs and their glycolytic energetic asset, 
thus abolishing CAF-dependent production of lactate and 
subsequent migration of adjacent breast cancer cells (175).

While the potential of inhibiting RAGE/ligand axis to con-
trol aberrant metabolic reprogramming and halt disease pro-
gression has been largely supported, additional efforts need to 
address whether the inhibition of this crucial signaling may re-
verse the inflammation-dependent metabolic imbalances of 
cancer cells. Some support for this potential action comes 
from a study showing that a RAGE neutralizing antibody 
and a HMGB-1 inhibitor are able to block anabolic reactions 
instructed upon microenvironmental inflammation, by re-
straining mitochondrial ATP production toward decreased 
pancreatic tumor growth in vitro and in vivo (161). The pro-
posed model suggests that inflammatory mediators like 
HMGB-1, released by necrotic tumor areas, foster energy me-
tabolism by shifting the energetic cell machinery toward a 
RAGE-mediated anabolic phenotype, which represents a suit-
able pharmacological target.

Hence, RAGE inhibition could breach the solid link be-
tween inflammatory signals coming from the tumor micro-
environment (HMGB-1) and aberrant metabolic responses 
(high ATP production) enacted by cancer cells. These findings 
establish a robust rational for further exploring the potential 
of anti-RAGE strategies in neoplastic diseases associated 
with imbalanced metabolism and inflammation.

Table 1. Continued  

RAGE inhibitor/ 
inhibition strategy

Target of inhibition Cancer type Effect Ref.

Pentamidine S100B Melanoma Reduced ATP production in ATP chemosensitivity 
assays

(321)

Neutralizing antibody S100A7 Colorectal cancer Reduced cell migration and metastasis formation (322)

Luteolin and quercetin S100A7 Squamous carcinoma Reduced cell migration and invasion (323)

DNA aptamer S100P Colon cancer Reduced cell proliferation, migration and EMT 
reduced tumor growth

(324)

AGEs Melanoma Reduced tumor growth (325)

siRNA S100P Nasopharyngeal 
carcinoma

Reduced cell proliferation, migration and colony 
formation

(326)

PENVE S100B Colon cancer Increased apoptotic rate (327)

Aminoguanidine Methylglyoxal Thyroid cancer Reduced cell migration, invasion and EMT (328)

Abbreviations: ADC, antibody drug conjugate; AGE, advanced glycation end product; ATP, adenosine triphosphate; EMT, epithelial mesenchymal transition; 
HMGB-1, high mobility group box 1; LPS, lipopolysaccharide; MDSC, myeloid derived suppressor cell; ODN, S-oligodeoxynucleotide; PENVE, penthamidine 
vehiculation; PD-1, programmed cell death protein 1; RAGE, receptor for advanced glycation end products; RAP, RAGE antagonist peptide; RBP, RAGE 
binding peptide; siRNA, small interfering RNA; shRNA, short hairpin RNA; sRAGE, soluble RAGE; TAM, tumor-associated macrophages; TNBC, triple 
negative breast cancer.
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Inhibiting RAGE-IIGFs Cross-talk
While accumulating evidence points at RAGE signaling as an 
emerging drug target to normalize aberrant meta- 
inflammation in cancer, research should focus more on 
whether targeting aberrant RAGE pathway may be of even 
greater benefit in conditions of deregulated IIGF signaling.

Although cancer presents with more severe features in pa-
tients with concomitant diabetes and/or obesity, the current 
oncological approach in this subpopulation of individuals 
does not generally differ from that of nonobese, nondiabetic 
patients. The lack of a comprehensive understanding of the 
molecular interactions and biological responses determining 
cell fate in cancer patients with coexistent metabolic imbalan-
ces is mostly accountable for such clinical gap.

The opportunity to halt RAGE signaling in cancer types as-
sociated with dysregulation of IIGFs is supported by evidence 
collected in diverse models characterized by aberrant IIGF ac-
tivation. For instance, the genetic deficiency of RAGE pre-
vents the negative effects elicited by high-fat diet on energy 
expenditure, weight gain, and adipose tissue inflammation 
(25). In addition, in animal models of diet-induced obesity, 
RAGE deletion abrogates the establishment of insulin resist-
ance, a condition associated with relative enhancement of cir-
culating insulin levels and depression of IR signaling achieved 
through multiple mechanisms (ie, downregulation of IR and 
phosphorylation of IR in serine rather than tyrosine residues) 
(25). Likewise, interrupting the molecular interaction between 
RAGE cytoplasmic domain and its downstream transduction 
effector diaphanous Related Formin 1 (DIAPH1) has been 
proven effective in halting diabetic complications (329).

On the other hand, insulin increases the expression of both 
full-length RAGE and esRAGE, together with enhancing the 
shedding of sRAGE from membrane-bound receptor in mono-
cytes (330). These observations suggest that different patterns 
of reciprocal regulation between RAGE and IR occur in dis-
tinct cell types and in peculiar metabolic environments, high-
lighting that cell- and tissue-specific pharmacological 
manipulation may be required to prevent aberrant RAGE/ 
IIGFs cross-talk.

Notably, RAGE phosphorylation upon ligand binding oc-
curs through the involvement of an atypical PKC isoform 
named PKC-ζ (132), a serine/threonine kinase, which is also 
a downstream effector of insulin signaling pathway. In fact, 
in adipocytes exposed to hyperglycemia and hyperinsulinemia 
PKC-ζ contributes to the repression of IR signaling and insulin 
resistance (257, 331), effects reversed by a cell-permeable and 
specific PKC-ζ- inhibitory peptide (258). In addition, in hyper-
glycemic environments PKC-ζ facilitates IGF-1 action (332), 
thus corroborating the role of this transduction mediator in 
conveying stimulatory signals propagated during dysregula-
tion of IIGFs.

Considering its role in cancer-related inflammation, chemo-
resistance and metastasis, PKC-ζ may represent 1 of the emer-
ging RAGE-associated molecular effectors linking insulin 
resistance/hyperinsulinemia with aggressive malignant fea-
tures (333). Diverse investigations have indicated that PKC-ζ 
inhibition contributes to reducing tumor growth and meta-
static progression in vitro and in vivo (334, 335), but further 
studies are needed to clarify whether antagonizing PKC-ζ sig-
naling may be useful in the context of IIGF deregulation.

Additional transduction pathways, activated downstream 
or independent of PKC-ζ, may amplify the detrimental actions 

instigated by RAGE/IIGFs cross-talk, thus representing cru-
cial druggable targets to consider in combination therapies. 
Likewise, the evidence that certain intracellular transduction 
pathways (including ERK1/2, PI3K, STAT3, and NF-κB) are 
shared by RAGE and IIGFs supports the concept that the co-
operation between these complex signaling axes may contrib-
ute to the activation of multiple biological responses 
encompassing altered metabolism and inflammation.

On the other hand, in breast cancer the RAGE inhibitor 
FPS-ZM1 was sufficient to normalize aberrant angiogenesis 
induced by IGF-1/IGF-1R (99), thus indicating that targeting 
RAGE may represent a promising strategy to terminate aber-
rant IIGFs signaling in anticancer settings. In this context, 
while blocking IIGFs in cancer may lead to undesired hypergly-
cemia, ultimately triggering prediabetes, targeting RAGE 
could represent a more feasible and well-tolerated option. As 
tempting as this speculation may sound, additional research in-
vestigations will have to address whether a pharmacological 
effort aimed at targeting shared nodes of interactions between 
IIGFs and RAGE systems might be of benefit in selected popu-
lations of cancer patients. In this regard, clinical studies are as-
sessing whether nutritional approaches meant to rectify 
aberrant IIGFs and RAGE signaling might be helpful in redu-
cing cancer risk or cancer prognosis.

For instance, in the last decade studies have shown that cal-
orie restriction may elicit beneficial effects in cancer patients 
through multiple mechanisms, including the normalization 
of altered metabolome and inflammation (336). In this regard, 
calorie restriction adjusts aberrant meta-inflammation 
through the decrease of IGF1-induced activation of the 
NF-κB/S100A9 signaling in pancreatic cancer (337). 
Likewise, calorie restriction mimetics reduce the bioavailabil-
ity of IGF-1 and reinstate anticancer immunosurveillance thus 
inhibiting tumor growth in vivo and improving chemotherapy 
efficacy (338). A similar scenario has been proposed when em-
ploying fasting regimens (336, 339). Extending these findings, 
in dietary interventions enacted during obesity, sRAGE might 
be used as a biomarker to predict outcome in terms of weight 
loss and improvement of insulin resistance (340).

Interestingly, an ongoing clinical study aims to clarify whether 
endocrine therapy in combination with an AGE inhibitor can im-
prove insulin resistance and lower circulating levels of sRAGE, 
AGE, and other inflammatory mediators in patients with meta-
static breast cancer (ClinicalTrials.gov identifier: 
NCT03092635). More specifically, results collected from this 
interventional clinical study will contribute to unveil the efficacy 
of anti-AGE regimen in obliterating inflammation-induced insu-
lin resistance and the progression of breast cancer 
(ClinicalTrials.gov identifier: NCT03092635).

With a similar purpose, a randomized, phase II, clinical 
study has been designed to establish whether metformin in 
combination with an AGE inhibitor (oligomeric procyanidin 
complex) may contribute to control prostate cancer progres-
sion through the reduction of AGEs levels in patients receiving 
androgen deprivation therapy (ClinicalTrials.gov identifier: 
NCT02946996). In addition, ongoing clinical trials are at-
tempting to determine whether (1) AGEs intake may correlate 
with inflammation-induced DNA damage in cancer patients 
(ClinicalTrials.gov identifier: NCT04716764) and (2) 
AGE-lowering strategies may prevent tumor recurrence 
(ClinicalTrials.gov identifier: NCT05265715).

Notably, results coming from a clinical trial evaluating the 
potential effect of time-restricted feeding on the inhibition of 
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AGE/RAGE axis may help in deciphering whether the ma-
nipulation of this signaling pathway will be useful in women 
at high risk of developing breast cancer (ClinicalTrials.gov
identifier: NCT05038137).

Not surprisingly, these dietary regimens also elicit a re-
markable impact on the IIGF pathway, as a low-AGE diet im-
proves insulin sensitivity and restrains inflammation in 
overweight and diabetic patients, compared with a 
high-AGE, isocaloric diet (341, 342). Similar beneficial effects 
are also achieved when restricting AGEs intake in obese indi-
vidual with metabolic syndrome (343, 344). Of note, in a ro-
dent model of insulin resistance, the antidiabetic drug 
pioglitazone was shown to improve insulin sensitivity by sup-
pressing the AGE/RAGE/NF-κB pathway (345).

Other drugs interfering with IIGF have been shown to exert 
an inhibitory effect on RAGE pathway, including metformin 
(294), dipeptidyl peptidase-4 inhibitors (346-348), glucagon- 
like peptide 1 agonists (349, 350), and SGLT2 inhibitors (351- 
353). These beneficial effects appear to depend on the drug’s 
RAGE-dependent anti-inflammatory action rather than on 
achieving better glycemic control. Despite holding great po-
tential, only a few of these RAGE and IIGF-normalizing strat-
egies have been tested in cancer patients, with some 
encouraging preliminary results obtained in preclinical mod-
els (294, 348).

On the other hand, the beneficial effect of certain RAGE- 
and IIGFs- targeting drugs was poor, as recently demonstrated 
for metformin in a randomized clinical trial performed in 
breast cancer patients (354). Collectively, these observations 
suggest that further preclinical and clinical evidence are 
needed to validate the therapeutic potential of anticancer 
strategies aimed at inhibiting RAGE signaling and its cross- 
talk with IIGFs, particularly in cancer patients affected by 
metabolic conditions like obesity and diabetes.

Conclusion
Meta-inflammation is a relevant feature in obesity, diabetes, 
and cancer. As a notable effector of meta-inflammation, 
RAGE signaling is emerging a promising actionable pharma-
cological target, particularly in malignancies associated with 
deregulated IIGFs.

Epidemiological evidence, preclinical studies and clinical 
data suggest that RAGE does not merely represent a signaling 
molecule activated in cancer cells because of imbalanced lipid 
and glucose homeostasis during obesity and diabetes; it also 
serves as a pivotal initiator of cellular derangements driving 
inflammation-dependent cancer progression. In this scenario, 
cancer could be included among the well-acknowledged com-
plications of diabetes, similar to nephropathy, neuropathy, 
retinopathy, and cardiovascular disease. The risk for develop-
ing these long-term complications in treated patients persists 
even after glucose normalization, suggesting that a form of 
metabolic memory may take over, despite the pharmacologic-
al glucose-lowering intervention. RAGE represents an early 
instigator of such metabolic memory, which is known to 
rely strictly on the generation of oxidative stress, nonenzy-
matic glycation of proteins and the perpetuation of inflamma-
tion. In such inflammatory environment, RAGE also 
contributes to build-up a form of trained innate immunity, 
in which cells keep memory of past signals and propagate 
autoinflammatory processes upon training, toward worse out-
comes of diabetes, obesity, and cancer. Based on these 

observations, targeting RAGE holds the promise to eradicate 
metabolic and immune memory, thus paving the way for a 
better control of neoplastic disease, in conditions character-
ized by aberrant metabolism and inflammation.

In this complex but captivating scenario, further investiga-
tions are warranted, as shedding light on RAGE action in 
IIGF-rich environment provides a fertile and exciting ground 
for future research efforts in basic and clinical oncology.
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