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Abstract

Introduction—The consequences of chronic disease are vast and unremitting; hence, 

understanding the pathogenic mechanisms mediating such disorders holds promise to identify 

therapeutics and diminish the consequences. The ligands of the receptor for advanced glycation 

end products (RAGE) accumulate in chronic diseases, particularly those characterized by 

inflammation and metabolic dysfunction. Although first discovered and reported as a receptor for 

advanced glycation end products (AGEs), the expansion of the repertoire of RAGE ligands 

implicates the receptor in diverse milieus, such as autoimmunity, chronic inflammation, obesity, 

diabetes, and neurodegeneration.

Areas covered—This review summarizes current knowledge regarding the ligand families of 

RAGE and data from human subjects and animal models on the role of the RAGE axis in chronic 

diseases. The recent discovery that the cytoplasmic domain of RAGE binds to the formin 

homology 1 (FH1) domain, DIAPH1, and that this interaction is essential for RAGE ligand-

stimulated signal transduction, is discussed. Finally, we review therapeutic opportunities targeting 

the RAGE axis as a means to mitigate chronic diseases.

Expert commentary—With the aging of the population and the epidemic of cardiometabolic 

disease, therapeutic strategies to target molecular pathways that contribute to the sequelae of these 

chronic diseases are urgently needed. In this review, we propose that the ligand/RAGE axis and its 

signaling nexus is a key factor in the pathogenesis of chronic disease and that therapeutic 

interruption of this pathway may improve quality and duration of life.
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1.0 Introduction

The receptor for advanced glycation endproducts (RAGE) is implicated in the pathogenesis 

of chronic diseases and evidence from human subjects and animal models localizes RAGE 

and its ligand to the cell types implicated in the pathogenesis of these diseases. RAGE is 

expressed at low levels in most tissues in the human and the mouse in homeostasis. The 

exception to this is in lung tissue, in which RAGE is more highly expressed in the basal state 

in the alveolar type 1 epithelial cell [1]. In most other tissues, the expression of RAGE is low 

in the absence of stress and is upregulated in disease settings such as obesity [2], diabetes, 

neurodegeneration such as Alzheimer’s disease and amyotrophic lateral sclerosis (ALS) [3], 

malignant disorders [4] and autoimmune/inflammatory conditions [5], as examples. Of note, 

the production and accumulation of RAGE ligands also increases in these disease milieus, 

thereby implicating the ligand-RAGE axis in the pathogenesis of these disorders and their 

complications. Interestingly, in lung cancer, however, expression of RAGE is actually lower 

than in normal lung tissue [1]; the reasons for this apparent paradox are not yet clear. In the 

sections to follow, we detail the ligand families of RAGE, the evidence from human subjects 

and animal models linking RAGE to the pathogenesis of chronic diseases and novel insights 

into RAGE signal transduction. We conclude with the array of strategies under way to 

therapeutically target the RAGE axis.

2.0 RAGE binds to a diverse repertoire of ligands

2.1. Advanced Glycation Endproducts: The First Ligands of RAGE to be Described

Advanced glycation endproducts (AGEs) form in diverse settings through endogenous 

mechanisms such as hyperglycemia, aging, oxidative stress, and renal failure. Exogenous 

sources of AGEs have also been reported, such as food-derived AGEs and AGEs found in 

tobacco products [6]. Central intermediates in the pathway to AGE formation include the 

reactive carbonyl species, glyoxal, methylglyoxal and deoxyglucosone. These key species 

are the precursors to the AGEs, a heterogeneous group of structures, which includes specific 

AGEs such as carboxymethyl lysine (CML), carboxyethyl lysine (CEL), methylglyoxal 

lysine dimer (MOLD), glyoxal lysine dimer (GOLD), and glycolic acid lysine amide 

(GALA) [7]. In the pathways of pre-AGE and AGE regulation, the enzymes glyoxalase 

(GLO) 1 and 2 play key roles, in that they detoxify key AGE precursors such as 

methylglyoxal, thereby reducing AGE burden [8]. We discovered in studies performed in 

murine diabetic kidneys expressing or devoid of Ager (gene encoding RAGE), that despite 

equal degrees of hyperglycemia, diabetic mice devoid of Ager display lower levels of 

methylglyoxal and AGEs; this was likely accounted for, at least in part, by significantly 

higher levels of GLO1 [9]. At this time, the precise mechanism(s) by which RAGE 

downregulates Glo1 remain to be elucidated.

2.2 Non-AGE ligands of RAGE

In addition to AGEs, RAGE is also a signal transduction receptor for distinct classes of 

ligands (Table 1). RAGE transduces the signals of pro-inflammatory and pro-migration 

molecules, the S100/calgranulins and high mobility group box 1 (HMGB1) [10]. These 

ligand families of RAGE are involved in acute and chronic inflammation and in cancer, thus 
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suggesting plausible mechanistic links between the development of cancers from sites of 

antecedent inflammation, at least in part through RAGE and its ligand families [11].

RAGE is also a receptor for such ligands as oligomeric forms of amyloid β-peptide, 

phosphatidylserine, lysophosphatidic acid (LPA) and complement 1q [10]. Importantly, 

AGEs may stimulate and advance amyloidogenesis mechanisms, thus pinpointing glycation 

as a possible central nexus in the generation of the RAGE ligand families [12]. Others 

reported that glycation exacerbates the neuronal toxicity of amyloid-β-peptide [13].

3.0 Soluble Forms of RAGE – Tracking Receptor Activity In Vivo

In addition to the cell-surface and membrane-embedded form of RAGE that is capable of 

binding ligand and triggering signal transduction, soluble forms of RAGE have been 

detected in the circulation (Table 2) [14]. There are two detectable forms of soluble RAGE; 

the first is a cell surface cleaved form of RAGE that is released by the action of molecules 

such as A Disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) and 

matrix metalloproteinases (MMPs). This form of sRAGE appears to represent about 80% of 

the total circulating sRAGE. The other form is known as endogenous secretory, es RAGE (or 

RAGEv1), and is produced through alternative splicing of the AGER gene. Less is currently 

known about the mechanisms that regulate the production of esRAGE.

The circulating forms of RAGE are likely not to be inert; many studies have reported on the 

detection of soluble RAGEs using commercially-available ELISAs. Although these studies 

report relationships between levels of sRAGE and esRAGE and disease propensity or extent 

in a range of RAGE ligand-linked disorders, the overall conclusions are not congruent. For 

example, Moriya and colleagues showed that low levels of sRAGE and esRAGE were 

associated with high carotid intima media thickness scores; only low sRAGE, however, was 

associated with calcification of carotid plaques [15]. In a distinct study, Basta and colleagues 

showed that higher levels of circulating sRAGE were associated with symptomatic carotid 

atherosclerosis [16]. What are the reasons that underlie this apparent discrepancy? Possible 

confounding factors not often taken into account in the reporting of such studies include 

renal function, status of AGER polymorphisms, confounding illness and disease, and sample 

acquisition and storage (including the number of freeze-thaw cycles). Also, it is not always 

clarified if the age of the subjects is factored into the reporting of the sRAGE levels.

Despite these caveats, research has illustrated that levels of sRAGE and esRAGE may be 

mutable upon introduction of distinct forms of intervention, such as pharmacological agents. 

Two studies reported, for example, that subjects treated with statins demonstrated increases 

in the levels of soluble RAGE [17, 18] and that exercise training resulted in increased 

circulating levels of esRAGE [19].

Taken together, more research is needed to determine the sensitivity and specificity of 

tracking levels of sRAGE in human disease. If and by what mechanisms and conditions 

sRAGEs play beneficial vs. deleterious roles (or neither) in homeostasis and response to 

disease remains to be dissected. Notwithstanding these caveats, studies testing 

administration of soluble RAGE in vivo in animal models suggested its beneficial role as a 
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means to sequester ligands and block their pathological interactions with the cell surface 

receptor.

4.0 Studies in animal models

Studies in animal models support that pharmacological antagonism or genetic deletion of 

Ager in mice is protective in disease models in which the family of RAGE ligands is known 

to accumulate. In the sections to follow, we review some of the recent studies buttressing the 

notion that RAGE may be a tractable target for therapeutic intervention in chronic diseases.

4.1 Diabetic complications

Recent studies focused on the microvascular complications of diabetes have underscored 

roles for RAGE in the pathogenesis of diabetes-associated retinopathy [20]. In mice 

rendered insulin-deficient with streptozotocin, retinopathic changes occur in the eye over 

time. In diabetic mice, increased expression of RAGE in the retina was demonstrated 

particularly after 12 weeks of hyperglycemia. In diabetic mice devoid of Ager, compared to 

the wild type control animals, despite equal degrees of hyperglycemia, less accumulation of 

the pre-AGE methylglyoxal resulted, in parallel with significant protection against increased 

vascular permeability, leukostasis, activation of microglia and the formation of acellular 

capillaries. In contrast, no protection against pericyte loss was observed in this model [20].

In diabetic kidney disease, experiments using homozygous Ager null mice bred into the 

OVE26 background revealed significant reduction in nephromegaly, mesangial sclerosis, 

thickening of the glomerular basement membrane, podocyte effacement, albuminuria and 

reduced inulin clearance [9]. Contributions of myeloid Ager in the pathogenesis of diabetes-

associated nephropathy were noted in wild type animals lethally irradiated and reconstituted 

with Ager null vs. wild type bone marrow. Streptozotocin-treated diabetic mice that received 

Ager null bone marrow displayed partial protection against nephropathic changes, with 

reduced excretion of urinary albumin and podocyte loss and less tubulointerstitial injury and 

fibrosis. Functionally, reconstitution with Ager null bone marrow was associated with less 

impairment in creatinine clearance vs. the mice receiving wild type bone marrow [21]. 

However, in that model, it was interesting to note that despite the significant evidence of 

protection against nephropathic pathology, no protection against glomerulosclerosis and 

accumulation of collagen was noted. Such findings suggest distinct contributions of 

parenchymal RAGE vs. RAGE-expressing infiltrating myeloid cells in the pathogenesis of 

diabetes-associated nephropathy.

Roles for RAGE in diabetic cardiomyopathy have been suggested by a number of studies in 

which either pharmacological or genetic approaches were taken to address these concepts 

[22]. Recent work has suggested that RAGE binds to the β1 adrenergic receptor and that this 

interaction promotes the activation of Ca2+/calmodulin-dependent kinase II (CaMKII), 

which led to loss of cardiomyocytes and aberrant myocardial remodeling [23]. Hence, such 

findings reinforce that the full repertoire of RAGE-binding species may yet to be uncovered.

A critical test of the RAGE hypothesis was the extent to which RAGE blockade or Ager 
deletion might impact diabetic complications in which repair mechanisms were seminal. In 
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this context, both wound healing and peripheral neuropathy are logical complications in 

which to test these concepts. In the diabetic peripheral nerve, it is known that in human 

subjects, expression of RAGE in the skin is increased, in parallel with the degree of 

neuropathic changes [24]. In a murine model, crush injury to the diabetic sciatic nerve was 

associated with an impaired regenerative process, likely due to a multitude of perturbations 

in the vascular, neuronal and immune cells in the affected tissue. Deletion of Ager resulted 

in significantly higher myelinated fiber densities and conduction velocities (motor and 

sensory) compared to diabetic wild type mice [25]. Key roles for myeloid RAGE were 

illustrated, as lethally irradiated wild type mice reconstituted with Ager null, not wild type 

bone marrow, resulted in similar degrees of protection. Interestingly, this work indicated that 

one consequence of Ager deletion was the increased “M2”-type polarization of macrophages 

infiltrating the regenerating diabetic sciatic nerve after crush [25]. Taken together, this work 

suggests that RAGE does not appear to be innately required for regenerative mechanisms in 

the diabetic sciatic nerve, but, rather, that RAGE activity aggravates and disengages optimal 

repair mechanisms.

We recently reviewed the evidence of underlying mechanisms linking RAGE to the 

pathogenesis of vascular disease; the reader is referred to that work for further details [10].

4.2 Neurodegeneration

In human subjects, compared to age-matched non-diseased brain and spinal cord, RAGE is 

expressed to higher degrees in neurodegenerative disorders such as Alzheimer’s disease 

(AD), amyotrophic lateral sclerosis (ALS) and Parkinson’s disease [3, 26, 27]. RAGE is 

expressed in multiple distinct cell types in these tissues. Studies in animal models support 

pathogenic roles for RAGE in neurons, microglia and/or vascular cells in the pathogenesis of 

these disorders.

In murine models of AD, in addition to accumulation of RAGE ligand Aβ, recent work has 

suggested that diets high in AGEs may exacerbate Aβ42 deposition and impairments in 

spatial learning in the transgenic (Tg) 2576 mouse model, in parallel with increased 

expression of RAGE in the brain [28]. Cell-specific pathogenic roles for RAGE in AD were 

suggested by studies in which deletion of Ager in neurons was accomplished and in other 

studies, deletion of RAGE signaling in microglia (using a dominant negative construct 

strategy) also revealed protection in key functional and pathological endpoints in the AD 

mouse models [29, 30].

Roles for vascular cell RAGE in the pathogenesis of AD in the mouse models were 

reinforced by studies in which FPS-ZMI was used; FPS-ZMI is a specific inhibitor of the 

binding of Aβ to the V-type immunoglobulin domain of RAGE. Treatment of transgenic 

APPswe/0 mice with this agent resulted in reduced levels of both Aβ40 and Aβ42 in the 

brain, improvements in cognitive performance and cerebral blood flow, and reduced 

microglial activation and its consequent neuroinflammation [31]. These considerations 

indicate that RAGE is expressed in multiple key cell types in the human and mouse AD 

brain and strongly suggest pathogenic roles for the RAGE pathway in the pathogenesis of 

AD.
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The accumulation of RAGE ligands and upregulation of RAGE expression in the human 

ALS spinal cord also suggested possible pathogenic roles for this pathway in ALS. In a 

recent study, Juranek and colleagues showed that administration of the soluble form of 

RAGE, sRAGE, to SOD1G93A mice significantly prolonged life span and delayed disease 

progression compared to vehicle treatment [32]. At the end stage of disease, spinal cord 

tissue revealed higher numbers of neurons and less astrogliosis in the sRAGE-treated group 

vs. the mice receiving vehicle. These findings support the further study of RAGE in ALS, 

particularly as very few therapies are currently available for this disease.

4.3 Immune/inflammatory disorders

The discovery of S100/calgranulins (initially S100A12 and S100B) and high mobility group 

box 1 (HMGB1) as ligands of RAGE transformed the understanding of this receptor 

pathway from one exclusively linked to AGEs and diabetes to a broader role in the immune/

inflammatory response [33, 34]. RAGE also binds to distinct ligands such as the leukocyte 

β2 integrin, Mac1, thereby implicating this receptor pathway directly to immune cell 

behavior [35]. In addition to RAGE expression on macrophages, the receptor is also 

expressed on human and murine T and B lymphocytes. Herold’s group provided substantial 

evidence of roles for RAGE in the adaptive immune response; his work showed that RAGE 

played important roles in T cell proliferation and production of inflammatory cytokines and 

differentiation, with implications for such settings as type 1 diabetes and ovalbumin (OVA)-

induced asthma [36].

Other conditions in which the ligand-RAGE pathway appears to play roles in propagation of 

immune/inflammatory stimulation is the settings such as arthritis, inflammatory bowel 

disorders, and sepsis [37–39]. Recent reviews have covered a broader range of immune/

inflammatory conditions in which RAGE expression appears to be modulated and 

contributory to the underlying disease process [35, 40].

Finally, it is important to consider that although ligands of RAGE such as HMGB1 and 

certain of the S100/calgranulins may also interact with the toll like receptors (TLRs), there 

are many open questions in this area. It appears that depending on the cell type, the presence 

of homeostasis vs. distinct forms of pathological cellular stress, the ligand concentration 

and/or the concentration of TLRs vs. RAGE, that these ligands may preferentially bind to 

TLR or RAGE [41]. In our first attempts to address the interplay between RAGE and TLR in 
vivo, we employed a mouse model of severe stress. In mice subjected to massive liver injury, 

whereas Myd88 null mice displayed high levels of mortality after massive (85%) 

hepatectomy vs. the wild type controls, mice devoid of Ager displayed significantly higher 

survival versus the wild type controls. The key test of the potential interdependence of these 

pathways was tested in mice doubly devoid of Myd88 and Ager; the double null mice 

displayed comparable mortality to mice solely devoid of Myd88, suggesting that RAGE did 

not play critical roles in the innate and immediate response to massive liver injury [42]. In 

that work, we demonstrated that six hours after massive hepatectomy in mice devoid of 

Myd88 vs. the wild type controls, there were no differences in the expression of Ager 
mRNA transcripts; in both sets of mice after massive injury, Ager was upregulated vs the 

sham controls. Similarly, over that same time course in mice subjected to massive liver 
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injury, expression of Tlr4 mRNA transcripts did not differ between Ager-expressing or null 

mice; in both sets of mice however, Tlr4 was significantly upregulated after massive 

hepatectomy vs. the wild type controls. These data further support the concept that at least in 

massive hepatectomy, RAGE and TLR4/MYD88 do not appear to directly interact. In future 

work, mice singly or doubly devoid of Tlr2, Tlr4 or Myd88 vs. Ager should be studied for 

their response to distinct severe stresses such as sepsis, massive infection or ischemia/

reperfusion injury, as examples, to discern the full scope of RAGE/TLR dependence and 

independence.

4.4 Obesity

A burgeoning body of literature suggests strong links between the RAGE pathway and 

human obesity. First, in the context of expression patterns, RAGE has been shown to be 

highly expressed in human adipose tissue, in adipocytes, vascular cells, and in macrophages 

[2]. In that work, it was shown that a key RAGE ligand, carboxy methyl lysine (CML) AGE 

was upregulated in obese human adipose tissue, with lower circulating levels of AGEs 

observed in obese vs. lean individuals, suggesting that the adipose tissue RAGE might “trap” 

the CML-AGE ligand. Interestingly, recent studies suggest links between the Ser allele of 

the Gly82Ser AGER polymorphism to obesity risk and that the Ser allele was associated 

with higher levels of sRAGE in children [43]. A distinct study demonstrated that the Ser 

allele was more frequently observed in obese adolescents vs. the lean [44]. In that study, 

however, lower levels of sRAGE were linked to obesity [44]. In obesity and bariatric 

surgery, higher baseline levels of sRAGE were found to be associated with better weight loss 

outcomes [45]. Taken together, these considerations suggest that genetic predisposition, 

expression of cell surface RAGE and levels of sRAGE may be linked to the risk of obesity. 

What is the evidence linking RAGE to obesity in animal models?

Mice fed a high fat diet (HFD) (60% kcal/fat) are an excellent model for the study of the 

effect of high dietary intake of fat. In the C57BL/6 background, mice fed a high fat diet 

develop a time dependent increase in body mass that exceeds that of the chow-fed control 

animals. Insulin resistance and glucose intolerance, along with frank hyperglycemia 

eventually occur in this model. Levels of RAGE ligands HMGB1 and AGEs increase in the 

metabolic organs of mice fed HFD even before the development of diabetes, suggesting that 

excess dietary fat ingestion is sufficient to drive increases in RAGE ligands and engagement 

of the RAGE pathway [46].

To test the role of RAGE, male homozygous Ager null mice and their littermate controls 

were weight-matched and fed either a low fat diet (LFD) (13% fat) or HFD (60%). 

Compared to LFD-fed mice, HFD-fed mice displayed significantly higher body mass after 

three months of diet [46]. In parallel, the leaner Ager null mice were more glucose- and 

insulin tolerant and displayed lower levels of adipose inflammation, with lower macrophage 

content (both F4/80+/CD11B+ (FB) and F4/80+/CD/11B+/CD11C+ (FBC) compartments 

[46].

Myeloid-derived RAGE-expressing cells contributed importantly to the overall phenotype, 

as lethally-irradiated wild-type mice reconstituted with Ager null vs. wild type bone marrow 

displayed partial protection against diet induced obesity. The same profile of lower numbers 
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of overall macrophage content (FB and FBC) was observed in these chimeric mice recipients 

of Ager null bone marrow [46]. In both sets of studies, global- or bone marrow-Ager 
deletion, food consumption was identical to that observed in the wild type control cohorts.

Finally, adult wild-type mice were treated with sRAGE either at the onset of HFD or three 

weeks later. Compared to vehicle-treated wild-type mice, those mice receiving sRAGE 

displayed significantly lower body mass despite consumption of equal caloric intake [46]. 

Although the mice in the intervention study did not lose weight on the sRAGE treatment, 

they failed to gain weight at the same rate as that observed in the animals treated with 

vehicle.

Taken together, these findings greatly expanded the understanding of RAGE roles in 

metabolism and underscored that the breadth of RAGE effects in high fat feeding extends 

not only to the complications of type 2 diabetes but to the origins of obesity and metabolic 

dysfunction.

5.0 RAGE Signal Transduction: the discovery of the Diaph1 interaction with 

the RAGE cytoplasmic domain

Previous studies by many laboratory groups indicated that RAGE ligands stimulated signal 

transduction through pathways such as MAP kinases, PI3K/Akt, and Rho GTPases and that 

a common factor in many cell types and conditions was RAGE-dependent activation of NF-

kB and its downstream effectors linked to oxidative and proinflammatory stress. It was 

known that the cytoplasmic domain of RAGE was essential for RAGE-mediated signaling, 

as its deletion, in vitro and in vivo, protected from RAGE ligand cellular activation [47]. Yet, 

definitive evidence of the proximate mechanisms within the cytoplasmic domain that 

activated RAGE signaling were yet to be identified.

5.1 RAGE/DIAPH1: cellular and in vivo biology

To address this critical question, a yeast two hybrid assay was employed using the RAGE 

cytoplasmic domain as “bait” for probing within a lung library (tissue type from which 

RAGE was first discovered). This strategy identified the formin molecule, mammalian 

diaphanous-1 or DIAPH1, as a potential candidate, particularly its FH1 or formin homology 

1 domain [48]. Formins have diverse functions; they are effectors of Rho GTPase signaling 

and they modulate actin and microtubule remodeling of the cytoskeleton, functions that are 

linked to cellular migration and invasion [49, 50]. These characteristics and roles of the 

formin molecules suggested plausible and testable links to the RAGE signal transduction 

pathways.

First, however, it was essential to affirm the yeast two hybrid assay result and demonstrate 

the interaction of the RAGE cytoplasmic domain with DIAPH1. Co-immunoprecipitation 

and immunofluorescence microscopy studies confirmed the interaction [48]. Next, the key 

test of these concepts was whether modulation of DIAPH1 expression affected RAGE 

ligand-stimulated signaling. In cultured cells, RAGE ligands failed to stimulate activation of 

Cdc42 or Rac1 in the presence of knockdown of DIAPH1 expression; in contrast, 

experiments using control siRNAs showed typical robust activation of these Rho GTPase 
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signaling molecules by RAGE ligands [48]. Of note, siRNA-knockdown of DIAPH1 

expression had no effect on expression of RAGE. Further, siRNA-knockdown of DIAPH1 

but not control siRNAs blocked RAGE ligand-stimulated cellular migration, but had no 

effect on the migration-provoking effects of fetal bovine serum, which is not known to 

contain functionally-relevant levels of any RAGE ligands [48].

Distinct studies linked RAGE ligands to upregulation of Egr1, a key transcription factor 

linked to upregulation of proinflammatory and prothrombotic molecules in stresses such as 

hypoxia. Vascular endothelial cells devoid of Ager failed to upregulate Egr1 in hypoxic 

stress; the link to RAGE was revealed by experiments demonstrating that hypoxia generated 

AGEs, as detected by time-dependent generation of AGE epitopes in the supernatants of 

hypoxia- but not normoxia-exposed cells [51]. The potential role of DIAPH1 in transducing 

RAGE ligand signaling in regulation of Egr1 was addressed in macrophages. Bone marrow 

derived macrophages devoid of Ager or Diaph1 failed to upregulate Egr1 in hypoxia; the 

mechanisms underlying these findings were traced to signaling via protein kinase C-βII, 

ERK1/2 MAP kinases and c-Jun NH(2) terminal kinase [52]. Recent studies have linked the 

RAGE ligand signaling pathway (S100A4 and S100B) to DIAPH1 in thyroid cancer cells 

and murine microglia, respectively [53, 54].

The in vivo test of these concepts was an essential next step in defining the relationship 

between RAGE and DIAPH1. To address this concept, wild type or mice devoid of Diaph1 
were subjected to femoral artery endothelial denudation injury. In this model, it was 

previously shown that mice devoid of Ager displayed significant protection against 

pathological neointimal expansion. In an analogous manner, mice devoid of Diaph1 were 

protected against expansion of the neointima [55]. Critically, the mechanisms were traced to 

smooth muscle cell (SMC) signaling in that RAGE ligands were shown to require DIAPH1 

to stimulate development of lamellopodia, a key proximal step in cellular migration. The 

signaling mechanisms in SMCs were traced directly to RAGE ligand S100B – RAGE – 

DIAPH1-dependent membrane translocation of c-Src, activation of Rac1, a process that 

generated oxidative stress and consequent activation of PI3K/Akt and serine 9 

phosphorylation of GSK-3β and consequent regulation of SMC migration [55].

5.2 RAGE/DIAPH1: biophysical studies

Shekhtman and colleagues addressed the mechanisms by which the cytoplasmic domain of 

RAGE bound the FH1 domain of DIAPH1 [56]. By using 15N HSQC (heteronuclear single 

quantum coherence) NMR (Nuclear Magnetic Resonance) spectroscopy, these authors 

showed that the residues in the cytoplasmic domain of RAGE displayed limited chemical 

shift dispersion and were mostly disordered [56]. Using heteronuclear 15N{1H} NOE 

(nuclear Overhauser effect) NMR, they reported that amino acids 2–15 of the RAGE 

cytoplasmic domain were partially ordered and that residues 16–42 were disordered. Further 

analysis focused on identifying putative regions in which protein-protein interactions might 

be feasible. This led to the suggestion that a hydrophobic patch formed by the methylene 

groups of Arg-5 and Gln-6 in the RAGE cytoplasmic domain might be important for 

protein-protein interaction [56]. NMR spectroscopic analysis revealed that residues Gln-3, 

Arg-4, Arg-5 and Gln-6 of the RAGE cytoplasmic domain participated in the interaction 
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with the FH1 domain of DIAPH1. The suggested dissociation constant was Kd < 10 μM) 

[56]. Mutation of RAGE cytoplasmic domain Arg-5 and Gln-6 to alanine residues supported 

the relationship to the FH1 of DIAPH1, as the mutant showed only weak interaction with 

Kd =1 mM [56]. Finally, in cellular studies of primary murine aortic SMCs, introduction of 

the mutant (Arg-5 and Gln-6 to alanine residues) blocked RAGE ligand-evoked signal 

transduction, cellular migration and proliferation. Critically, however, there was no effect of 

the mutant on the biological responses to PDGF, which is not a RAGE ligand [56].

The structural mechanism of RAGE/DIAPH1 signal transduction was studied by Xue and 

colleagues [57]. Using a combination of NMR spectroscopy and protein cross-linking 

analyzed by mass spectrometry, the authors showed that the ligation of RAGE by its ligand, 

S100B, results in extensive oligomerization and subsequent increases in the molecular 

dimension of RAGE. DIAPH1 is a dimer [58]. Molecular modeling suggested that the 

increase in the RAGE dimension facilitates RAGE binding to the DIAPH1 dimer (Figure 1). 

Indeed, addition of S100B to HEK293 cells, which expressed fluorescently labeled RAGE 

and DIAPH1, resulted in the enhanced fluorescence energy transfer (FRET) between RAGE 

and DIAPH1; this is a strong indication of the RAGE/DIAPH1 binding. Importantly, cellular 

studies in primary murine aortic SMCs showed that the fluorescently-labeled RAGE and 

DIAPH1 are functional [57].

5.3 RAGE/DIAPH1: small molecule antagonism

In order to refine understanding of the nature of the interaction of the RAGE cytoplasmic 

domain with DIAPH1 and the implications for signal transduction, a high throughput 

binding assay was developed in which anti-DIAPH1 IgG was used to immunoprecipitate 

DIAPH1 from cultured cells and then binding of GFP (green fluorescent protein)-labeled 

RAGE cytoplasmic domain was verified [59]. This assay was used to screen the 

approximately 58,000 compound DiVERSet library, CT488. Ultimately, 13 compounds were 

identified that bound specifically to the cytoplasmic domain of RAGE and blocked the 

interaction with DIAPH1. Based on NMR spectroscopy, the inhibition of RAGE-DIAPH1 

binding is direct, since the interaction surface of the RAGE cytoplasmic domain with these 

13 compounds overlaps with the RAGE surface required for binding to DIAPH1 [59]. 

Native tryptophan fluorescence titration (quenching) assays showed that the 13 compounds 

display nM affinity for the RAGE cytoplasmic domain [59]. Many of these compounds (1 

μM) blocked the effects of RAGE ligands on stimulation of phosphorylation of Akt and 

ERK1/2 in murine aortic SMCs [59].

In vitro cell based assays employed primary murine and human SMCs, primary murine 

endothelial cells and cultured macrophage-like human THP1 cells. In primary murine and 

human SMCs, all 13 compounds blocked the effects of RAGE ligands on SMC migration, 

but had no inhibitory effect on migration provoked by a non-RAGE ligand, PDGF. In murine 

endothelial cells and human THP1 cells, many of the 13 compounds blocked the effects of 

RAGE ligands on upregulated of inflammatory Tnfa and Il6 (by real time quantitative PCR) 

[59].

In vivo, wild type mice were injected with RAGE ligands alone or with compounds 1–13. 

Four doses of compound (5 mg/kg q 12 h for four total doses by intraperitoneal route) were 
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administered prior to RAGE ligand; six hours later, kidney was retrieved and mRNA 

prepared. Compared to vehicle treatment, compounds 1, 2, 3, 5, 6, 8, 9, 10, 11, 12 and 13 

suppressed RAGE ligand-stimulated upregulation of Tnfa transcripts and all 13 compounds 

suppressed upregulation of Il6 mRNA transcripts in the kidney [59].

Finally, ex vivo, in the diabetic isolated perfused mouse heart subjected to hypoxia and 

reoxygenation, treatment of the isolated diabetic hearts with compounds 3, 7, 9 and 11 

improved the percent functional recovery (left ventricular developed pressure, or LVDP) 

compared to the vehicle treatment [59].

6.0 Expert Commentary

Ongoing research throughout the world on the RAGE pathway continues to unveil the 

consequences of engagement of this receptor in a diverse array of metabolic, inflammatory 

and degenerative disorders in which the families of RAGE ligands accumulate and 

contribute to mediation of chronic and often unremitting diseases. The viability and normal 

reproductive capacity of the Ager null mouse, along with the plethora of published studies 

suggesting benefit and not detriment of genetic deletion in animals subjected to RAGE 

ligand-associated disorders, has provided provisional assurance that chronic antagonism of 

the receptor is likely to be safe, tolerated and efficacious. Although definitive studies from 

human subjects treated with RAGE antagonists are either underway or planned, many 

studies have reported expression levels of RAGE (and its ligands) in human diseased vs. 

normal tissue and have assessed single nucleotide polymorphisms (SNPs) of AGER, and 

levels of soluble RAGEs in multiple types of biological fluids, as biomarkers for RAGE 

activity in the human subject.

Despite the lack of detriment of RAGE antagonism or Ager deletion in diabetic wound 

healing and in the response to sciatic nerve crush in diabetes [25, 60], some studies have 

suggested adaptive roles for RAGE in the effective handling of Klebsiella pneumonia 
(pneumonia) [61], protection of the lower airways from human respiratory syncytial virus 

[62], the response to Mycobacterium tuberculosis pneumonia [63], and host defense in 

peritonitis and sepsis due to Escherichia coli [64]. In these instances, the studies used animal 

models (mice) and therefore the extrapolation to the human’s handling of these pathogens 

under conditions of partial pharmacological antagonism initiated after embryonic 

development remains to be tested. Further, the means and circumstances by which the 

animals were infected with these pathogens might not fully reflect the human’s mode of 

infection and biological response.

Given the research evidence that blockade/deletion of RAGE may be beneficial in chronic 

disease, it is not surprising that these bodies of work have stimulated efforts to antagonize 

RAGE and its biological actions (Table 3). For example, small molecule antagonism of the 

RAGE extracellular domains (to block ligand binding) [31, 65], blocking antibodies to 

RAGE [66, 67], soluble RAGEs [14], and RAGE peptide aptamers [68] are reported. A 

series of 4,6-bis(4-chlorophenyl)pyrimidine analogs was reported to bind to RAGE and 

block its interaction with Aβ [69]. Further, efforts to block RAGE-DIAPH1 interaction may 

represent a novel strategy to block RAGE actions [59].
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In summary, as clinical trials targeting RAGE are designed, executed and the results 

analyzed, the RAGE hypothesis, from the origins of the RAGE discovery in bovine lung 

extract, to the bedside of patients with RAGE-related chronic diseases, will finally be 

rigorously tested.

7.0 Five- year view

Much has been learned in the course of the study of RAGE biology in the past two decades 

since its discovery. It is tempting to postulate that pharmacological targeting of RAGE may 

present a unique and feasible strategy to block the complications of RAGE ligand 

accumulation in chronic disease; yet, there are challenges ahead.

First, a chief challenge is to identify the optimal means and timing of intervention in the 

RAGE signal transduction pathway. Multiple strategies are possible; which of these holds 

the greatest promise to target the receptor and in what clinical conditions is not yet 

established. It is also possible that combination anti-RAGE strategies may be required to 

fully antagonize the RAGE pathway. In the next five years, at least some of the answers to 

these questions will likely become available as the RAGE therapeutic strategies begin to take 

shape in advanced clinical trials.

Second, a chief issue that arises in chronic diseases and clinical trials is identification of the 

best “start time” for a proposed new RAGE-directed therapy. Important questions include, 

will it be optimal to initiate intervention upon disease diagnosis or upon the first hint that 

“complications” of the disorder are evident? Will RAGE antagonism be safe in children, 

especially those with newly-diagnosed type 1 diabetes, for example? Will local anti-RAGE 

therapies be possible, particularly in settings such as the diabetic eye or inflamed skin in 

psoriasis or the non-healing diabetic wound? Ongoing work by many laboratories exploring 

the fundamental biology of RAGE and its signal transduction should uncover the answers to 

these questions and aid in the design of the best possible clinical trials.

Finally, in great part, the diseases associated with RAGE ligand engagement are largely 

chronic and therefore this impacts the logistics of clinical trials that will be required for full 

phase testing. In this context, a major challenge ahead is the identification of bona fide target 

engagement biomarkers [70, 71] to identify in short-term and in readily-accessible tissues, 

the status of blockade of the RAGE pathway. It is plausible that measures of the various 

classes of RAGE ligands may be specific to different stages of the disease process. For 

example, in diabetes, early and increased accumulation of AGEs may be followed by the 

release and local accumulation of proinflammatory ligands, such as the S100/calgranulins 

and HMGB1. Hence, the pattern and timing of RAGE ligand appearance may offer the 

opportunity to track the state of RAGE-mediated disease.

Furthermore, plasma/serum biomarkers and altered gene expression in peripheral blood 

mononuclear cells may be key sites for detection of RAGE activities. We predict that 

markers of inflammation will emerge in the next five years as the chief means to track the 

modulation of the RAGE signaling pathway. Such efforts are essential for feasible 

approaches to targeting this pathway in chronic disease trials. Experiments employed 
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unbiased “omic” approaches may be a logical means to biomark the status of RAGE 

signaling activities in response to its ligands. Using diverse tissues and disease models, from 

diabetes to inflammation, it is plausible that a unique panel of biomarkers may emerge. Such 

efforts are thoroughly essential to secure the most logical and economically feasible means 

to advance RAGE antagonism through clinical trials and, if successful, eventually, to the 

local pharmacy.

8.0 Key Issues

• RAGE is a multi-ligand receptor of the immunoglobulin superfamily. Its ligands 

accumulate in multiple acute and chronic diseases, such as obesity, diabetes and 

its complications, immune/inflammatory disorders, tumors and 

neurodegeneration.

• Soluble forms of RAGE have been detected in human subject plasma/serum and 

are generated either by cell surface cleavage of the full length receptor or through 

alternative splicing and the production of endogenous secretory (es) RAGE. 

Many studies in the literature report associations of the levels of soluble RAGEs 

with disease risk or activities.

• Studies in animal models support that blockade of or genetic deletion of RAGE 

is protective in multiple animal models in which the ligands of RAGE 

accumulate, such as in diabetes complications, neurodegeneration, immune/

inflammatory disorders and obesity.

• Signal transduction triggered by RAGE ligands requires the interaction of its 

cytoplasmic domain with the formin, DIAPH1. Biophysical and cellular studies 

support that mutation of the key amino acids in the cytoplasmic domain of 

RAGE (R5/Q6) to alanine residues blocks the physical interaction with DIAPH1 

(FH1 domain) and suppresses RAGE ligand-stimulated signal transduction.

• Multiple strategies to target / antagonize RAGE signaling are in development and 

early clinical trials. The pinpointing of target engagement biomarkers is a key 

next and critical step in efforts to deliver RAGE-based treatments to the local 

pharmacy.
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Figure 1. 
Model of S100B bound to two RAGE dimers showing the proposed interaction between 

RAGE cytoplasmic domains and FH1 domains of DIAPH1. Due to S100 ligation, the 

spacing between the RAGE cytoplasmic domains is comparable to the distance between the 

FH1 domains. The FH1 domains are unstructured; FH2 domains of DIAPH1 determine the 

distance between the FH1 domains. Reprinted and modified from Structure, 21/9, Xue et al., 
Change in the Molecular Dimension of a RAGE-Ligand Complex Triggers RAGE Signaling, 

1509-1522, Copyright (2016), with permission from Elsevier.
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Table 1

Examples of non-AGE ligands of RAGE.

S100/calgranulins (e.g., S100A12, S100B, S100P, S100A8/A9)

High Mobility Group Box 1 (HMGB1)

Lysophosphatidic acid (LPA)

Amyloid-β peptide

Complement 1q

Phosphatidylserine

Leukocyte β2 integrin, Mac1
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Table 2

Soluble RAGEs.

Form Source Method of Detection

Soluble RAGE Cell surface cleavage by ADAM10 and MMPs ELISA

Es RAGE Alternatively spliced mRNA form ELISA
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Table 3

Examples of approaches to RAGE antagonism.

Small molecule antagonists of the RAGE extracellular domains

Anti-RAGE antibodies

Soluble RAGE

RAGE peptide aptamers

4,6-bis(4-chlorophenyl)pyrimidine analogs

Antagonists of RAGE-DIAPH1 interaction

Small interfering RNAs
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