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1. INTRODUCTION 

 
In 2014 the Center for Disease Control stated that 29.1 million Americans were 

diagnosed with type 2 diabetes mellitus (T2DM) [1]. T2DM is characterized by insulin 

resistance, hyperglycemia, dyslipidemia, enhanced oxidative stress and chronic low-

grade inflammation.  If left untreated this diabetic milieu induces secondary 

complications such as neuropathy, nephropathy, retinopathy, and cardiovascular 

disease (CVD).  The later of these complications is of critical importance as individuals 

with T2DM have a 50% greater chance of CVD related death than non-T2DM 

individuals [1]. These complications associated with T2DM are largely the result of 

unabated oxidative stress and low-grade chronic inflammation associated with T2DM, 

eventually resulting in cellular dysfunction and tissue damage.  While the pathogenesis 

of T2DM is complex and multifactorial, one area that has gained much recent attention 

for its contribution to T2DM and the development of diabetes related complications is 

the formation advanced glycation end products (AGEs) and their interaction with their 

receptor (RAGE).  

AGEs are glycotoxins that form as a result of non-enzymatic oxidation of a 

reducing sugar and a protein, lipid or nucleic acid through a series of reactions 

collectively known as the Maillard reaction  [2]. AGEs are an irreversible product that 

once formed are difficult to remove due to their resistance to proteolytic degradation [3].  

AGE formation is a result of normal metabolism and accumulation often occurs slowly 

over the course of months or years on proteins with relatively low turnover rates such as 

those in the lens of the eye [4, 5].  As such AGEs have been shown to accumulate in 

the skeletal muscle of older adults and may be related to age-induced decline in skeletal 
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muscle function by forming crosslinks between proteins that enhance tissue stiffness 

[6].  However, hyperglycemia and increased production of reactive oxygen species 

accelerate the formation of AGEs and therefore have been shown to accumulate in 

individuals with T2DM [7, 8]. In addition to altering protein structure and function, 

circulating AGEs also serve as ligands for RAGE, the activation of which initiates an 

inflammatory pathway resulting in cellular damage as well as further upregulation of 

RAGE expression [9].   

RAGE is a transmembrane protein belonging to the immunoglobulin super family 

of proteins.  RAGE is ubiquitously expressed across tissues however protein expression 

of RAGE is highest in bovine skeletal muscle tissue and its gene expression in skeletal 

muscle is the third highest amongst tissues studied [10].  Upon binding their ligands, 

RAGE initiates a self-perpetuating inflammatory cascade.  The signal transduced by 

RAGE not only results in the induction of inflammatory cytokines but also RAGE itself 

via activation of Nuclear Factor Kappa B (NF-kB), which is able to bind to the promoter 

of RAGE and induce its transcription [9].  Activation of RAGE therefore results in a 

cyclical activation of RAGE and subsequent exacerbation of inflammatory signaling that 

contributes to tissue damage contributing to secondary diabetic complications.  While 

the exact signaling cascade that is perpetuated by RAGE activation has not been fully 

elucidated, it is known that the cytosolic tail of RAGE is necessary for signal 

transduction. 

Soluble versions of RAGE have been found in the circulation and are able to act 

as decoys for ligands such as AGEs by bind to AGEs without transducing downstream 

RAGE signaling [11]. Membrane bound RAGE has been demonstrated to be processed 
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by proteolytic cleavage via metalloproteases such as Matrix Metalloprotease-9 (MMP-9) 

and A Disintigrin And Metalloprotease 10 (ADAM10) resulting in a soluble cleaved 

(sRAGEc) isoform lacking the intracellular c-terminus.  An alternative splice variant of 

RAGE, termed endogenous secretory RAGE (esRAGE), also exists and also lacks the 

transmembrane and cytosolic domains.  Both of these isoforms maintain the ability to 

bind to RAGE ligands, however, because they lack the transmembrane and intracellular 

c-terminus domains of RAGE, these isoforms are unable to activate downstream 

signaling upon ligand binding.  This makes these soluble isoforms of RAGE act as 

competitive inhibitors of the membrane-bound RAGE (mRAGE) receptors.  However 

while mRAGE protein expression is exacerbated in T2DM, the protective sRAGE 

isoforms are decreased in individuals with T2DM [12-14] and therefore interventions 

targeting increased sRAGE production may be a viable therapeutic option for the 

treatment of diabetes-associated inflammation and complications.   

Overwhelming evidence supports exercise as a potent method for prevention and 

treatment for T2DM and as such the American Diabetes Association and American 

College of Sports Medicine recommend that individuals with T2DM perform at least 150 

minutes of moderate intensity aerobic exercise per week [15].  Both acute and chronic 

aerobic exercises are successful at sensitizing the skeletal muscle to insulin, as well as 

inducing anti-inflammatory and anti-oxidant defenses [16-18].  Skeletal muscle accounts 

for over 30 percent of body mass and approximately 80 percent of insulin stimulated 

glucose uptake making it extremely relevant in the pathogenesis and treatment of 

T2DM.  However, the current literature on the effect of acute or chronic aerobic exercise 

on plasma sRAGE production is limited although most studies that exist in the current 
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literature suggest that exercise may be able to increase sRAGE production [19-22].  

However, these studies are inconsistent in their methods making it difficult to draw 

definitive conclusions.  Only one study has examined the effect of acute exercise on 

sRAGE production and no study has examined the effect of exercise intensity on 

sRAGE. Furthermore, there are no studies that examine the effect of exercise on both 

isoforms nor the mechanisms by which exercise may be modulating sRAGE production.  

Finally, only one study to date has examined the effect of exercise on sRAGE 

concentration in lean healthy individuals.  Before research moves forward to study the 

effect of exercise RAGE biology in a diseased population, the normal physiology must 

be established in order to determine the degree to which diseases such as T2DM 

perturb sRAGE production and to what degree exercise may be able to rectify this 

disparity. 

Skeletal muscle accounts for 30-40% of total body mass and therefore alteration 

of RAGE metabolism in this tissue via exercise may result in large contributions to 

sRAGE production potentially having significant systemic effects. However, no skeletal 

muscle or exercise-specific mechanisms have been studied, although cellular 

mechanisms for the production of sRAGEc and esRAGE, outside the context of 

exercise have been explored.  ADAM10 seems to be the primary metalloprotease 

responsible for cleaving RAGE [23] and as such many mechanisms exploring sRAGEc 

production have focused on the modulation of its expression and activity.  The NAD+ 

dependent deacetylase SIRT1 has been previously shown to induce ADAM10 

expression [24] and increases in cellular Ca2+ concentration has been shown to 

increase ADAM10 activity [25].  Exercise is known to modulate both NAD+ and Ca2+ 
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concentration in the cytosol of skeletal muscle in an intensity dependent manner.  

Therefore, exercise may be able to increase ADAM10 expression and activity in an 

intensity dependent manner resulting in sRAGEc production to be enhanced following 

exercise.  In regards to the alternatively spliced isoform of sRAGE (esRAGE) two

splicing factors, hnRNPA1 and TRA2β-1, have recently been linked to mRAGE and 

esRAGE production respectively in vitro [26]. Exercise is known to drastically alter the 

spliceosome and therefore may also have an effect on esRAGE production by altering 

the ratio of these two splicing factors following exercise. 

1.1 Purpose of the study 

 The purpose of this study was to determine the effect of exercise intensity on 

plasma sRAGE in lean healthy individuals and determine the mechanisms by which 

exercise modulated skeletal muscle sRAGE production.  Blood samples were taken 

before and after exercise in order to measure sRAGEc and esRAGE production during 

three aerobic treadmill exercise bouts at 40%, 65%, and 80% of VO2Max.  The calories 

expended during the 40% and 80% trials were matched to ensure that any difference in 

sRAGE following each trial was due to the difference in intensity without being 

confounded by differences in total caloric expenditure.  In addition, muscle biopsies 

were taken from the vastus lateralis 30 minutes before, 30 minutes after, and three 

hours after the 80% trial to investigate potential mechanisms of sRAGE production in 

the skeletal muscle. 

1.2 Specific Aims and Hypotheses 

To address the purpose of the study we developed the following specific aims: 

Specific Aim 1: Determine the effect of exercise intensity on plasma sRAGE levels in 
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lean healthy individuals. Our hypothesis for this aim is that higher intensity exercise will 

elicit greater plasma sRAGE levels than lower intensity exercise in lean healthy 

individuals.  We will test this hypothesis by measuring plasma sRAGE levels 30 minutes 

before and immediately after acute bouts of aerobic exercise at 40% VO2max for 1 hour  

and then at 65 VO2max for 30 minutes and 80% of VO2max for a time to achieve matched 

work (total kcals) achieved during 40% exercise bout.  

Specific Aim 2: Aim 2: Determine the mechanism of sRAGE production with exercise. 

For this aim, our hypothesis is the skeletal muscle is a quantitatively important source of 

sRAGE production and that mechanisms related to skeletal muscle turnover and 

alternative splicing will be modulated by exercise to produce sRAGE.  We will test this 

hypothesis by obtaining skeletal muscle biopsies at rest, immediately following (+0min) 

and 3 hours after (+3 hrs) cessation of exercise at 80% VO2max and measuring the 

protein expression of RAGE, ADAM10, Tra2β, and hnRNPA1. 

1.3 Problem Statement 

Understanding the normal physiology of exercise-induced sRAGE is important for 

juxtaposition of diseased individuals in order to accurately gauge the degree of the 

pathology.  In addition, optimal exercise prescription is necessary for targeting maximal 

sRAGE production for all populations making the effect of exercise intensity important 

knowledge to be had.  Finally, the mechanisms by which exercise alters the production 

of sRAGEc and esRAGE are not currently known and are valuable for complete 

comprehension of the RAGE pathway.  Intricate knowledge of mechanisms by which 

exercise improves sRAGE production will further implicate exercise as medicine and 

also may lead to the development of pharmacologic interventions that are ideal for 



 

 

7 

individuals who are contraindicated for exercise but would benefit from increasing their 

sRAGE concentration.   

1.4 Significance of Problem 

 The frequency of T2DM has reached worldwide epidemic proportions and was 

responsible for 1.5 million deaths in 2012 [27].  T2DM is associated with chronic 

inflammation and oxidative stress that contribute to complications such as 

cardiovascular disease that are more likely to be fatal in individuals with T2DM.  The 

AGE-RAGE mechanism plays a significant role in inflammation generation and thus 

exacerbation of diabetic complications and as such interventions targeting this pathway 

may be valuable in the treatment of T2DM.  Soluble isoforms of RAGE have the 

capability to slow the progression of diabetic complications and exercise may be a 

viable way to induce their production. However, more needs to be elucidated about 

proper exercise dosing to optimally elicit this effect and the mechanisms by which 

exercise produces sRAGE.  Understanding the normal physiology in this process is the 

first step towards better understanding this mechanism, which can later be adapted into 

disease model. 
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2. REVIEW OF THE LITERATURE 

 
T2DM is characterized by insulin resistance, hyperglycemia, oxidative stress and 

chronic inflammation.  This diabetic milieu if unchecked leads to secondary 

complications such as neuropathy, nephropathy, retinopathy and CVD.  Although the 

genesis of these complications are complex and multifactorial, the accumulation of 

advanced glycation end products (AGEs) and their interaction with their receptor 

(RAGE) play a significant role in the underlying inflammation and oxidative stress that 

leads to cellular damage and eventually culminates in the manifestation of these 

secondary perturbations.  However, soluble isoforms of RAGE are emerging as an 

interesting therapeutic target for diabetes and its complications due to their ability to 

interrupt AGE-RAGE interactions and downstream effects.  Therefore, the purpose of 

this review is to: 1. provide background information on AGEs and RAGE and how they 

contribute to the diabetic milieu and genesis of complications, 2. explain the different 

isoforms of sRAGE, their role in diabetes and the mechanisms by which they are 

produced, and 3. explore exercise as an intervention that aims to increase sRAGE 

production. 

2.1 What are AGEs? 

AGEs are glycotoxins that are the result of protein, lipid, or nucleic-acid oxidation 

by glucose or glucose metabolites. AGEs are formed through a process known as the 

Maillard reaction. Named after its discoverer, Louis Camille Maillard, the reaction was 

first described in 1912 whereby glucose and amino acids underwent spontaneous 

interaction under heat, resulting in a physical change in the appearance of the 
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molecules [2].  Figure 1 describes the progression from a normal protein of native 

structure into a fully formed AGE having perturbed structure and function. 

 

 
 

 

Figure 1. Progression from a native protein into an Advanced Glycation End Product 
(AGE). Reducing sugars are able to undergo a series of non-enzymatic processes that 
occur over time and eventually lead to the accumulation of AGEs which can alter a 
protein’s structure and function by forming crosslinks.  Hyperglycemia and oxidative 
stress accelerate this process by making sugar substrates and oxidizing agents more 
available. 

 
 
 

These glucose modifications affect the structural and functional integrity of 

macromolecules and can cause them to become damaging [28].  Furthermore, these 

structural changes to proteins cause them to become resistant to normal proteolysis, 

allowing them to circumvent the cellular processes that would normally dispose of these 

agents [29], [3].  Although AGEs typically form slowly as a result of normal metabolism, 

certain disease states produce an environment that increases the rate of AGE 
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formation. The chronic low-grade inflammation and hyperglycemia in diabetes is an 

example of a disease that promotes acceleration of AGE formation. The combination of 

increased AGE formation and decreased proteolytic disposal causes accumulation of 

AGEs in circulation and various tissues, which confers susceptibility to AGE-mediated 

damage. 

2.2 How are AGEs Formed? 

The Maillard reaction initiates with the condensation of a carbonyl or reducing 

sugar molecule and a free amino group of a protein forming a reversible Schiff base, a 

process that takes place over the timespan of hours to days.  In acidic environments, 

Schiff bases are rearranged to form Amadori products.  A clinically relevant amadori 

product is Hba1c (glycated hemoglobin), which is now used as a marker for long-term 

(~3 weeks) glycemic control.  Formation of Amadori products on long-lived proteins 

such as hemoglobin is still reversible until they are oxidized resulting in the cross linking 

of proteins and irreversible formation of AGEs [30].  Glucose can also generate AGEs 

independent of the formation of Amadori products through an alternative pathway 

whereby glucose is oxidized and produces the highly reactive AGE precursor 

methylglyoxal, which reacts with arginine residues on proteins to form AGEs such as 

hydroimidazolone [31]. Exogenous sources of AGEs, like the ones discovered by Louis 

Maillard, are rapidly formed by preparing food using high heat, low moisture cooking 

methods such as searing and grilling and are evident by the browning of the food.  

Exogenous sources of AGEs are believed to contribute minimally to the accumulation of 

AGEs with approximately 10% of the exogenous AGEs that are consumed contributing 

to the total AGE pool [32]. However, some studies have shown positive effects of a low 
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AGE diet [33-36]. Diabetic individuals who followed an AGE restricted diet for 4 months 

significantly lowered circulating concentrations of AGEs and improved insulin sensitivity 

whereas diabetic individuals who continued their normal diets experienced increased 

circulating AGEs and further worsening insulin resistance [34]. 

Unlike exogenous formation, endogenous AGE formation is largely a result of 

normal metabolism and accumulation often occurs at a much slower pace.  The 

accumulation of endogenous AGEs were first observed on long-lived proteins such as 

the lens of the eye and skin collagen [2, 4, 5].  Although not pathologically relevant to 

T2DM, these were ideal tissues to study AGEs in vivo due to their limited amount of 

turnover, which allowed for AGEs to accumulate on them over time.   

However, as previously mentioned AGE formation is accelerated by oxidative 

and hyperglycemic environments and as a result, accumulate in diseases such as 

T2DM.  Individuals with T2DM have higher concentrations of circulating AGEs than 

healthy individuals.  The most common circulating AGEs, Nε–Carboxymethyllysine 

(CML) and AGE-modified albumin, have both been repeatedly demonstrated to be 

significantly more concentrated in the plasma of diabetic individuals compared to 

healthy individuals [37-39]. Circulating AGE concentration has been correlated to insulin 

resistance [40, 41], as well as diabetic complications such as retinopathy, nephropathy 

and vascular dysfunction [7].  Further, older adults with high plasma CML is associated 

with significantly increased arterial stiffness [42], poor grip strength [43] and increased 

risk of all-cause mortality [44].  AGE accretion has also been demonstrated in skeletal 

muscle of older individuals and was shown to contribute to impairment of skeletal 

muscle function in these subjects via inducing crosslinking of modified proteins [6]. 
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These data implicate AGE formation as a consequence of diabetes as well as a driver 

of diabetes related complications. 

2.3 Receptor for Advanced Glycation End products (RAGE) 

While AGEs cause cellular damage by altering protein structure and function and 

accumulating in tissues, circulating AGEs exhibit their damaging effects largely through 

binding to the receptor for advanced glycation end products (RAGE).  RAGE is a multi-

ligand, type 1 transmembrane receptor that belongs to the immunoglobulin super-family 

of proteins [45]. RAGE consists of three extracellular domains; one (variable) V-type 

domain that binds to ligands, and two (constant) C-Type domains that stabilize the V-

type domain.  RAGE was first discovered in bovine lung tissue and was so named 

because its first discovered ligand was AGE-modified albumin.  The transfection of 

human cells with bovine RAGE, resulted in the discovery of a ~55 kDa protein with 90% 

homology to the bovine RAGE protein in humans [45].  RAGE is most concentrated in 

the lung [10] perhaps due to its physiological role for lung development [46].  However, 

RAGE is expressed in many other tissues in humans at considerable levels such as 

heart [10], brain [10], liver [10], endothelial cells [47, 48], macrophages [9], and skeletal 

muscle [10] as well.  Among tissues studied by Brett J et al., skeletal muscle had the 

third highest gene expression in human samples and the highest protein concentrations 

in bovine samples [10].  Being of the immunoglobulin superfamily of protein receptors, 

RAGE plays a key role in innate immunity and inflammation.  As such, RAGE protein 

expression is exacerbated in conditions of inflammation such as T2DM.  

Mouse models of diabetes have shown increased RAGE expression in coronary 

arterioles and aortas of diabetic mice along with concomitant increases in circulating 
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RAGE ligands [49, 50].  In humans, peripheral blood mononuclear cells (PBMCs) of 

diabetic individuals have significantly greater expression of membrane bound RAGE 

compared to healthy controls [13].  A recent study found that diabetic individuals without 

vascular complications have a four-fold increase in PBMC RAGE protein whereas 

diabetics with vascular complications have up to 12 fold greater expression compared to 

healthy controls whereas [51].  This suggests that more inflammation begets more 

RAGE and that RAGE accumulation may be playing a role in the progression of 

vascular complications.   

Although the protein expression of RAGE in skeletal muscle has previously been 

shown to be highest among some other tissues, the accumulation of RAGE in skeletal 

muscle is not well studied.  Chiu et al. 2016 demonstrated that skeletal muscle from one 

elderly diabetic patient had an accumulation of RAGE compared to an age matched 

healthy individual and another study showed plasma AGE accumulation and weight-

gain positively correlated with RAGE concentration in skeletal muscle [52].  Collectively 

these data suggest that RAGE may be playing a role in the progression of diabetic 

complications.  Further, data that correlated increased RAGE concentration to that of 

their ligands also suggests that RAGE may be able to up regulate their own expression 

upon activation by AGEs. 

2.5 Complications with AGE-RAGE Signaling   

Once activated by AGE or one of its other ligands, RAGE induces an 

inflammatory cascade culminating in the activation of nuclear factor kappa B (NF-kB) 

[53].  NF-kB is a key transcription factor for many inflammatory cytokines including 

interleukins (ILs), cellular adhesion molecules (CAMs), and death receptor ligands such 
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as Tumor Necrosis Factor alpha (TNF-α).  Importantly NF-kB also binds to the promoter 

region of the RAGE gene and induces its transcription meaning that activation of RAGE 

induces further RAGE up regulation [53].  Although the mechanisms by which AGE-

RAGE interaction induce activation of NF-kB some data suggest that ROS production, 

in part by the activation of NADPH Oxidase and thioredoxin interacting protein (TXNIP), 

may be playing a key role [54, 55].  NADPH Oxidase is a major contributor to cellular 

ROS production and TXNIP is an inhibitor of the ROS scavenger thioredoxin (TRX).  In 

vitro RAGE-mediated ROS production increases inflammatory markers including CAMs, 

cyclooxygenase (COX), and NF-kB. 

Consequences of AGE-RAGE signaling have been demonstrated in an array of 

tissues.  RAGE activation has been shown to increase adhesion molecules [56], and 

promote permeability in endothelial cells [47], promote the expression of adhesion 

molecules on macrophages [57], increase calcification of vascular smooth muscle [58], 

promote luminal vascular lesions [59], and perturb insulin sensitivity [33] and promote 

atrophy in skeletal muscle [60]. 

  Cassese et al. demonstrated that treatment of L6 myotubes with human 

glycated albumin induced a physical interaction between RAGE and Src leading to 

activation of protein kinase-C (PKC) alpha [33].  PKC alpha has been implicated in the 

attenuation of insulin mediated glucose uptake via inhibitory phosphorylation of IRS-1.  

In agreement with this mechanism, tibialis muscles of mice fed a high AGE diet had 

decreased insulin sensitivity, and a significant increase in PKC alpha activity [33].  

Skeletal muscle accounts for more than one third of total body mass [61] and is 

responsible for more than 80% of the insulin stimulated glucose uptake [62].  Therefore, 
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the ability of AGE-RAGE interactions to perturb skeletal muscle insulin sensitivity and 

promote muscle atrophy are important mechanisms by which RAGE may be 

contributing to the progression of diabetes.  More research is needed to determine the 

role of RAGE in skeletal muscle perturbations in diabetes and also to elucidate potential 

mechanisms by which RAGE action may be limited in this tissue.  A promising 

therapeutic target that has recently emerged is the soluble isoforms of RAGE.  These 

compete for RAGE ligands without transducing an inflammatory signaling cascade, 

appear to be a viable therapeutic target in perturbing RAGE signaling. 

2.6 Soluble RAGE 

The structure of RAGE confers specific functionality and is increasingly important 

in understanding RAGE regulation.  Although the precise mechanism by which the 

binding of ligands to RAGE initiates intracellular signaling is largely unknown, it is 

known that the cytosolic c-terminus of RAGE is necessary to stimulate RAGE signal 

transduction [63].  There are two isoforms of RAGE that lack this cytosolic c-terminus, 

collectively termed soluble RAGE (sRAGE).  These isoforms lack of the intracellular 

domain possessed by the membrane isoform, liberating them from the membrane and 

allowing them to appear in circulation.  The two most common of these soluble isoforms 

are produced either by proteolytic cleavage of the extracellular domain or via alternative 

splicing of the RAGE gene.  

These soluble isoforms retain their ability to bind to RAGE ligands to the same 

capacity of membrane bound RAGE however, because they lack the cytosolic domain 

they do not transduce the downstream signaling and are therefore believed to act as 

competitive inhibitors of membrane bound RAGE [53].  The ability of sRAGE to perturb 
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RAGE signaling has been repeatedly demonstrated in vitro.  Bovine aortic endothelial 

cells treated with AGE-modified albumin and sRAGE significantly suppressed activation 

of NF-kB compared to cells treated with AGEs alone [64].  Kidneys of mice treated with 

AGE-modified albumin and sRAGE had an ablation of NF-kB activation [64].  

Intramuscular injection of sRAGE into mice treated with the diabetes inducer 

streptozotocin (STZ) and fed a high fat diet, reduced markers of oxidative stress and the 

prevalence of diabetes development [8].  In a study performed by Cassesse et al., 

treating skeletal muscle cells with sRAGE ablated AGE stimulated PKC alpha activity 

[33].  In addition, sRAGE negatively correlates with membrane bound RAGE [13, 33], 

and 8-iso-PGF2  (a marker of oxidative damage) [65].  

In contrast, many cross sectional studies demonstrate that individuals with T2DM 

have elevated sRAGE levels and that sRAGE correlates with a number of oxidative 

stress markers such as TNF-alpha, high-sensitivity c-Reactive Protein (hs-CRP), and 

AGEs, and have therefore been suggested as a possible biomarker [66-77].  However, 

other studies suggest that Type 2 Diabetics possess lower circulating levels of sRAGE 

compared to healthy controls, and that these low levels correlate with poor health 

outcomes and inflammatory markers [12-14] (Table 1). 
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TABLE 1. Human sRAGE Literature 
 
Study Sample Size Renal Function Age (y) BMI (kg/m2) Outcome(s) 

[78] n = 337                    
(203 T2DM) 

Excluded T2DM  w/ Proteinuria 
T2DM: 58 ± 11 
Control: 57 ± 12 

T2DM: 23.3 ± 3.5    
Control: 23.0 ± 3.0 

↓ esRAGE in T2DM esRAGE Neg. Corr. w/ 
Carotid and femoral IMT, HOMA, & BMI 

[79] n = 160                        
(84 T2DM) 

T2DM W/O Renal Dysfunction 
T2DM: 60 ± 7 

Control: 45 ± 10 
T2DM: 28.8 ± 3.5    
Control: 28.0 ± 3.9 

↓ sRAGE in T2DM sRAGE Neg. Corr. w/ CRP, 
HOMA, HbA1C & CVD risk 

[71] n = 468  
(318 T2DM) 

T2DM stratified by renal function  

Proteinuria: 54 ± 10 
MircoA: 53 ± 9 

NormoA: 51 ± 7 
Control: 51 ± 6 

Proteinuria: 26.7 ± 4.5 
MircoA: 26.4 ± 3.9 

NormoA: 25.3 ± 3.9 
Control: 24.6 ± 3.3 

↑ sRAGE in T2DM w/ proteinuria sRAGE corr. 
w/ creatinine in T2DM      

[67] n = 110           
(All T2DM) 

24 h Albumin excretion T2DM: 59 ± 7 T2DM: 33 ± 6 sRAGE Corr. w/ 24 h Albumin excretion 

[68] n = 86             
(All T2DM) 

Serum creatinine T2DM: 68 ± 10 T2DM: 24.7 ± 4.1 sRAGE Corr. w/ MCP-1 and TNF-alpha 

[69] n = 150           
(75 T2DM) 

Serum creatinine 
T2DM: 66 ± 10 
Control: 66 ± 12 

T2DM: 24.9 ± 4.2 
Control: 23.3 ± 3.7 

↑ sRAGE in T2DM compared to control sRAGE 
Corr. w/ HbA1c & Creatinine 

[70] n = 172           
(86 T2DM) 

Serum creatinine 
T2DM: 68 ± 10 
Control: 68 ± 9 

T2DM: 24.7 ± 4.1   
Control: 23.2 ± 3.2 

↑ sRAGE & Creatinine in T2DM compared to 
control 

[66] n = 107            
(All T2DM) 

T2DM stratified by nephropathy 
status  

W/O Neph: 62 ± 13 
W/ Neph: 63 ± 12 

Dial: 65 ± 11 

W/O Neph: 24.7 ± 4.4 
W/ Neph: 24.7 ± 4.0 

Dial: 21.8 ± 3.4  

↑ sRAGE in T2DM w/ nephropathy and 
hemodialysis sRAGE neg Corr. w/ BMI and 

positively Corr. w/ creatinine 
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Study Sample Size Renal Function Age (y) BMI (kg/m2) Outcome(s) 

[80] n = 73        
(T2DM 45) 

Urinary Albumin 
Excretion 

T2DM w/ 
Complications: 60 ± 2 

T2DM w/o 
Complications: 60 ± 1  

Control: 52 ± 1 

T2DM w/ 
Complications: 27.2 ± 

1.2 T2DM w/o 
Complications: 26.2 ± 
0.9 Control: 22.0 ± 2.1 

↓ sRAGE in T2DM w/ retinopathy and 
microalbuminuria 

[72] n = 265            
(All T2DM)  

T2DM stratified by renal 
function  

ESRD: 68         
Manifest DN: 65 
Incipitent DN: 70 

NormoA: 56 

Not Reported 
↑ sRAGE with worsening neph. sRAGE neg Corr. 

w/ GFR 

[81] n = 245            
(All T2DM) 

Serum creatinine T2DM: 63 ± 7 T2DM: 24.6 ± 2.8 sRAGE neg Corr. w/ hsCRP 

[73] n = 551            
(All T2DM) 

GFR T2DM: 61 T2DM: 29 
Highest sRAGE tertile has highest hazard ratio to 

develop CVD 

[75] n = 130      
(T2DM 100) 

Serum creatinine 
Control: 52 ± 9   
T2DM: 59 ± 11 

Control: 25.6 ± 1.2 
T2DM: 29.4 ± 2.4 

↑ sRAGE in T2DM with PDR 

[77] n = 82        
(T2DM 41) 

GFR 
Control: 53 ± 9   
T2DM: 57 ± 9 

Control: 22.8 ± 3.5 
T2DM: 24.4 ± 3.4 

esRAGE & sRAGE neg Corr. w/ ROS and fasting 
plasma insulin.  sRAGE neg Corr. w/ HbA1c 

[74] n = 276           
(All T2DM) 

Serum creatinine   T2DM: 60 ± 13 T2DM: 23.6 ± 3.6 
Highest quartile of sRAGE associated w/ highest 
hazard ratio for developing CVD after controlling 

for GFR 

[76] n = 606      
(T2DM 371) 

GFR 

Control: 57 ± 4         
No DR 59 ± 10           

DR: 57 ± 10         
NPDR: 59 ± 10        

PDR: 53 ± 9  

Control: 25.6 ± 4.8      
No DR: 27.2 ± 4.4      

DR: 26.3 ± 5.0        
NPDR: 26.2 ± 4.5     
PDR: 26.6 ± 5.9 

↑ sRAGE in T2DM with retinopathy. sRAGE neg 
Corr. w/ SOD and glutathione peroxidase  

[82] n = 61              
(All T2DM)  

GFR 

T2DM w/ vascular 
plaques: 65 ± 9             

T2DM w/o vascular 
plaques: 58 ± 8 

T2DM w/ vascular 
plaques: 27.9 ± 4.4         
T2DM w/o vascular 
plaques: 28.4 ± 4.4    

↓ esRAGE in T2DM w/ vascular plaques. esRAGE 
neg Corr. w/ fasting plasma glucose and BMI 

 

Table 1. Human literature examining the concentration of soluble RAGE in Type 2 Diabetic individuals.  Majority of the 
literature suggests that sRAGE is increased in Type 2 Diabetics. However, this observation may be due to renal 
dysfunction in these individuals.  Abbreviations: Neg. Corr.: Negative Correlation, IMT: Intermedia Thickness, MicroA: 
Microalbuminuria, NormoA: Normoalbuminuria, Neph: Nephropathy, Dial: Hemodialysis, DN: Diabetic Nephropathy, 
ESRD: End Stage Renal Disease, GFR: Glomerular Filtration Rate, DR: Diabetic Nephropathy, NPDR: Nonproliferative 
Diabetic Retinopathy, PDR: Proliferative Diabetic Retinopathy, SOD: Super Oxide Dismutase. 
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A possible explanation for the discrepancy of whether sRAGE is elevated or 

reduced in diabetic individuals recently offered in a review by Schmidt et al. was that 

even a modest amount of kidney dysfunction in diabetic patients may contribute to the 

observed high levels of sRAGE [11].  This hypothesis is given in light of a multitude of 

evidence that consistently finds low circulating sRAGE in other disease and 

inflammatory models other than T2DM.  Single nucleotide polymorphisms (SNPs) of the 

AGER gene that encodes RAGE has also been examined in an attempt to explain these 

discrepancies [83].  Maruthur et al. found that specific a SNP (rs2070600) accounted for 

up to 26% of the sRAGE variation but were not able to correlate this genetic 

determinant of sRAGE to mortality or diabetes risk [83].   

In support of sRAGE as a protective protein against RAGE stimulation and 

diabetic complications, a study on over 1,200 people found that low levels of circulating 

sRAGE was associated with an increased risk of diabetes and death following ~18 year 

follow up [84].  Further, Di Pino et al. demonstrated lower esRAGE levels in pre-diabetic 

compared to healthy controls, and that HbA1c, and hs-CRP were also inversely 

associated with esRAGE [85].  esRAGE negatively correlated with carotid intima-media 

thickness in individuals with T2DM [86], which is a clinical measure of atherosclerosis 

progression.  A cross sectional comparison of individuals across the insulin sensitivity 

continuum revealed circulating sRAGE and esRAGE were associated with reduced 

insulin sensitivity and increased markers of oxidative stress in pre-diabetic individuals 

[65].   

Due to its therapeutic potential in T2DM and other chronic diseases, sRAGE has 

emerged as a promising target for treatment of these diseases.  However, in order to 



 20 

 

progress towards exploiting this pathway as a therapy, a deeper understanding of the 

mechanisms regulating sRAGE production are needed.   

2.7 sRAGE production via Proteolytic Processing 

Soluble cleaved RAGE (sRAGEc) is produced by cleavage of the extracellular 

domain of membrane bound RAGE from the cell surface.  This is achieved primarily by 

a disintegrin and metalloproteinase 10 (ADAM10) [23] and secondarily by soluble matrix 

metalloproteinases (MMPs) [87]. ADAM10 is a member of an extensive family of zinc-

dependent proteinases. Since ADAM10 is the primary proteinase responsible for 

cleavage of membrane-bound RAGE, understanding how its activity and protein 

expression are regulated will give insight into how sRAGEc production can be 

modulated. 

 Following translation, ADAM10 possesses a prodomain, the removal of which is 

necessary for ADAM10 to become constitutively active.  The removal of the prodomain 

is achieved by proprotein convertases as ADAM10 progresses through the secretory 

pathway and migrates to the Golgi apparatus where the prodomain is cleaved [88].   

ADAM10’s activity can be further modulated by increasing intracellular calcium 

concentrations [25].  Treatment of mouse and human cell models with ionomycin, which 

induces calcium influx, stimulates RAGE shedding and subsequent sRAGEc production 

[25, 89-91].  For example, knock out of ADAM10 in HEK cells treated with an adenylate 

cyclase agonist reduced sRAGEc production by 5-fold in HEK cells [91].  In addition, 

inhibition of PKC and CAMKII, two calcium sensitive kinases, reduced RAGE shedding 

in HEK cells treated with the same adenylate cyclase agonist [91].  Additionally, 

Galichet et al. demonstrated that inhibition of Ca2+-ATPase on the sarcolplasmic 
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reticulum increased intracellular Ca2+ concentration and stimulated sRAGEc 

production[89].   Skeletal muscle contractions are known to open ryanodine receptors 

(RyR) on the sarcoplasmic reticulum (SR) increasing cytosolic calcium concentration 

thus implicating exercise as a regulator of ADAM10 activity and proteolytic cleavage of 

RAGE.   

In addition to modulating ADAM10 activity, increasing the expression of ADAM10 

may also be a mechanism by which exercise induces sRAGEc production. The 

transcription factor Retinoid X Receptor (RXR), has been shown to dimerize and bind to 

the promoter of ADAM10 and induce its transcription [92].  RXR binds to DNA by 

forming homo- or heterodimers with other transcription factors such as RARβ.  

Importantly, RARβ is deacetylated and activated by the silent mating type information 

regulator 2 homolog 1 (SIRT1) allowing RARβ to dimerize with RXR and induce 

ADAM10 transcription [24].  SIRT1 is an NAD+ dependent deacetylase, becoming active 

when the cell is in a low energy state and abundant with AMP, both of which occur 

during exercise.  Therefore, exercise may also be modulating ADAM10 expression 

through activation of SIRT1 subsequent activation of transcription factors that enhance 

ADAM10 transcription.   

2.8 Splicing Mechanisms Responsible for esRAGE Production 

In addition to proteolytic mechanisms of sRAGE production, alternative splicing 

of the RAGE gene has also been proven to contribute to the sRAGE pool. Processing of 

pre-mRNA into mature mRNA involves removal of its introns and alternative splice 

variants of the pre-mRNA are produced by removing or including different exons in the 

final mRNA product ultimately resulting in a product that differs from the nascent 



 22 

 

protein. Approximately 95% of multi-exonic genes in the human genome undergo 

alternative splicing allowing for single genes to code for multiple proteins [93].  AGER 

(the gene encoding RAGE) undergoes alternative splicing and produces many variants 

of the RAGE protein. RAGE_V1 also referred to as endogenous secretory RAGE 

(esRAGE) is the second most abundant splice product of AGER after the full length 

membrane-bound version [94].   

The AGER gene contains 11 exons, esRAGE is produced by the utilization of an 

alternative splice site on intron 9 resulting in the inclusion of the 5’ region of intron 9 and 

skipping of exon 10.  Exon 10 codes for the transmembrane domain of RAGE, therefore 

this alternative splicing results in a 50 kDa soluble RAGE protein lacking the 

transmembrane domain but retaining the extracellular domain as well as the ability to 

bind to RAGE ligands [95].  Although the exact mechanisms regulating alternative 

splicing of RAGE into esRAGE are unknown this process may be regulated by two 

splicing proteins, heterogeneous nuclear ribonuclear protein A-1 hnRNPA-1 and 

Transformer 2β-1 (Tra2β-1). 

The hnRNP family is one of the largest splicing protein families consisting of at 

least 20 different members named A through U with hnRNPA1 being one of the most 

abundant nuclear proteins with nuclear concentrations comparable to that of histones 

[96].  hnRNPs possess RNA Recognition Motifs (RRMs) that allow them to bind to RNA 

as well RGG boxes (arg-gly-gly repeats) that allow hnRNPs to interact with proteins in 

order to alter spliceosome formation [97]. Specifically, hnRNPs inhibit splicing events by 

binding to splicing silencers forming a multimeric complex on RNA to block RNA binding 
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sites for other splicing factors.  hnRNPs are the direct antagonists of the serine-arginine 

splicing factors (SRSF).   

Tra2β-1 is a member of the SRSF family, which are so named for their 

recognition of serine-arginine (SR) rich regions on RNA and are critical for enhancing 

gene splicing [98]. SR proteins, like hnRNPs, also possess RRMs that allow them to 

bind to RNA.  Once bound to RNA, SR proteins bind to exon splicing enhancers (ESEs) 

via their RS domain.  The ability of Tra2β-1 and other SR proteins to enhance splicing 

events is inversely proportional to the concentration of hnRNPs suggesting that the ratio 

of these two splicing factors determines the occurrence of a splicing event [97]. 

Another hnRNP isoform, hnRNP H, has been directly shown to bind to RAGE 

RNA [99] and has also been implicated in AMPK mediated glucose uptake in muscle 

cells [100]. Recent work in vitro and in post mortem brain specimens of individuals with 

Alzheimer’s disease has implicated an imbalance in Tra2β-1 and hnRNPA1 in the 

regulation of alternate splicing of the RAGE gene [26].  Data by Liu et al. suggest that 

an increase in hnRNPA1:Tra2β-1 ratio initiated by altered glucose metabolism, results 

in imbalanced splicing of the RAGE gene in favor of the production of the membrane 

bound isoform [26].  Exercise may also be able to increase esRAGE production due to 

evidence that suggests the drastic alteration of the spliceosome with exercise via 

activation of AMPK [101].  Exercise may therefore be a viable method for inducing 

sRAGEc and esRAGE production (Figure 2). These mechanisms may play significant 

roles in the insulin sensitizing and anti-inflammatory effects of acute and chronic 

exercise by blunting RAGE stimulation and expression (Figure 2).  
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Figure 2. Schematic depicting the activation of RAGE, and the role exercise may 
produce soluble isoforms of RAGE. Binding of AGEs to membrane bound RAGE 
activates NF-kB which regulates transcription of RAGE and other inflammatory 
cytokines.  Muscle contraction is proposed to increase sRAGEc production via 
modulation of ADAM10 activity and ADAM10 transcription.  Muscle contraction 
increases intracellular calcium, which may activate calcium sensitive kinases resulting in 
phosphorylation and increased activity of ADAM10.  Exercise also increases the 
NAD:NADH ratio, activating SIRT1 allowing for transcription factors to bind to the 
promoter site and induced the transcription of ADAM10.  Finally, exercise may also alter 
the ratio of splicing factors that regulate splicing of RAGE pre RNA into esRAGE. 
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2.9 Exercise Intervention and sRAGE 

Lifestyle modifications such as exercise are recommended by the American 

Diabetes Association and American College of Sports Medicine to be included in the 

treatment of diabetes [15].  Despite these recommendations and strong evidence to 

support exercise’ efficacy in the treatment of diabetes, there are only four studies to 

date that have been published examining aerobic exercise’s effects on circulating 

sRAGE [19-22].  While two of these studies did show an improvement in sRAGE or 

esRAGE with exercise training [21, 22], one showed a decrease in sRAGE with training 

[20] and another showed no change following an acute bout of exercise [19].  

Unfortunately, these studies are heterogeneous in their designs and populations of 

interest making comparisons and definitive conclusions difficult. 

Two of these studies consisted of a non-supervised intervention whereby 

individuals in the treatment group were prescribed a certain amount of physical activity 

or exercise and the control was instructed to retain their current lifestyle habits [20, 21].  

Additionally, only one study used indirect calorimetry to monitor the intensity of the 

exercise performed [22]. In the aforementioned study, subjects began their aerobic 

exercise training performing 45 minute bouts of cycling exercise at 55% of their VO2Max, 

and gradually worked their way up to performing exercise 55 minute bouts at 75% of 

VO2Max [22]. Choi et al. was the only group to examine exercise’s ability to modulate 

sRAGE levels in T2DM while the other studies populations of interest were generally 

older, overweight, and sedentary individuals [21].  Moreover, none of these studies 

differentiated between and measured both sRAGEc and esRAGE nor did they explore 
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the mechanisms by which exercising may be modulating their concentrations. Finally, 

the normal physiologic effect of exercise intensity on sRAGE has yet to be established 

thus making comparisons to a diseased model such as T2DM difficult. 

The gaps that exist in literature exploring exercise’s effects on sRAGE level are 

as follows. 1) Neither acute nor training effects of aerobic exercise are definitively 

understood.  2) The effect of exercise intensity on sRAGE levels is not known and is 

important for proper exercise prescription.  3) The sRAGE responses to exercise are not 

known in healthy individuals.  Knowing the normal response to exercise will be 

important for juxtaposition of responses in diseased individuals such as diabetics. The 

mechanisms by which sRAGE changes occur with exercise are unexplored and will be 

important to elucidate in an effort to develop pharmacologic interventions that target 

these mechanisms to exploit the positive effects of sRAGE production and ameliorate 

the detrimental effects of RAGE over-production.  Finally, the response of the 

heterogeneous isoforms of sRAGE to exercise has yet to be investigated, these 

differences are important because the divergent pathways of sRAGE generation have 

the potential to have different responses to exercise or may even have an additive effect 

if both mechanisms are maximally stimulated.   

With these literature gaps in mind our study aims to examine the effect of acute 

aerobic exercise intensity on plasma sRAGEc and esRAGE levels in lean healthy 

individuals.  This research’s second aim is to elucidate potential mechanisms by which 

exercise promotes the production of sRAGEc and esRAGE by the skeletal muscle.  We 

believe that due to skeletal muscle’s increased metabolic activity during exercise and 

skeletal muscle making up such a large proportion of body mass, sRAGEc and esRAGE 
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may be produced by the skeletal muscle during exercise and released into the 

circulation.  Because sRAGEc and esRAGE are produced through different means, an 

effort will be made to elucidate exercise’s effect on both pathways in skeletal muscle via 

analysis of samples taken before, immediately after and 3 hours after exercise via 

muscle biopsy.  In order to study esRAGE regulation following exercise, protein and 

mRNA transcripts of Tra2β-1 and hnRNPA1 will be measure in skeletal muscle in all 

three biopsy time points.  Analysis of SIRT1 concentration, and phosphorylation of 

ADAM10 will be measured in muscle as well in an effort to better understand exercise’ 

role on ADAM10 regulation.  Elucidation of these mechanisms in lean healthy 

individuals will provide insight into the normal physiological response to exercise in the 

context of sRAGE and esRAGE and will provide a precedent against which responses 

in diabetic individuals can be juxtaposed in future research endeavors. 

We hypothesize that acute aerobic exercise will cause a significant increase the 

concentrations of sRAGEc and esRAGE in lean healthy individuals.  Further, we expect 

that there will be a dose response of exercise intensity on plasma sRAGE levels 

whereby exercise intensities 40%, 65%, and 80% VO2Max will elicit progressively greater 

increases in sRAGE.  Finally, we hypothesize that metabolic changes in the skeletal 

muscle will play a mechanistic role in the production of esRAGE and sRAGEc following 

exercise via regulation of splicing factors and increased transcription and activation of 

ADAM10 respectively.  
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3. METHODS 

3.1 Participants 

 Fifteen healthy adults, eight males and seven females, 25 ± 4 (mean ± SD) years 

old volunteered to participate in the study.  Prior to their first visit, an eligibility check list 

was used to screen potential participants over the phone to determine their eligibility 

and gather health history information (see Appendix A). Subjects were excluded for 

history if they were current smokers or if they quit smoking with in the past year, if they 

were previously diagnosed with any major disease such as diabetes, cardiovascular 

disease, kidney disease, major depression, high blood pressure, or high blood 

cholesterol (see appendix A for full list). Females who were currently pregnant were 

excluded, which was confirmed by an over-the-counter pregnancy test. However 

menstural status was not recorded for all female subjects.  Criteria for inclusion were 

the participants had to be 18-35 years of age, and have a BMI  18-26 kg/m2. Baseline 

characteristics for all participants are presented in Table 2.  
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TABLE 2. Subject Baseline Characteristics 
 

N 15 

Age (y) 25.7 ± 4 

Gender (%F) 47% 

Weight (kg) 68.3 ± 8.3 

BMI (kg/m2) 22.4 ± 2.6 

BF% 23.1 ± 5.7 

VO2Max (mL/kg/min) 47.7 ± 7.4 

 
Table 2. Subject Baseline Characteristics.  Data are depicted as mean ± SD. 

 

 
 
 
3.2 Study Design 

The study consisted of four non-randomized visits, the procedures of which are 

depicted in Figure 3. During the first visit all procedures and potential risks involved with 

the study were explained to the partcipants.  Upon giving their verbal and written 

informed consent (see Appendix B) the subjects were enrolled in the study and baseline 

measures including height, weight, body fat percentage via dual xray absorptiometry 

(DXA), and maximal aerobic capacity (VO2Max) were assessed.  Visits 2, 3, and 4 
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consisted of treadmill exercise at 40, 65, and 80 percent of VO2Max respectively.  The 

duration of exercise during visit 2 was 60 minutes and the duration of the exercise 

during visit 3 was 30 minutes.  The exercise during visit 4 was performed until subjects 

matched the calories they expended during visit 2.  Each study visit was separated by at 

least four days.  Three days before each visit subjects completed diet and physical 

activity logs (see Appendices C and D), which they were asked to replicate for each 

subsequent visit.  Subjects were also instructed not to perform vigorous exercise or 

consume alcohol 48 hours before each visit, to abstain from caffeine consumption 24 

hours before each visit and to arrive at each visit euhydrated and having fasted for at 

least 12 hours. 
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Figure 3. Schematic depicting study timeline. A) Subjects came into the lab on four 
separate occasions each separated by at least four days with diet and physical activity 
logs being completed three days prior to each visit. The first visit consisted of a DEXA 
scan, and a VO2Max test.  Visits 2-4 consisted of treadmill exercise at 40% of VO2Max for 
60 minutes, 65% of VO2Max for 30 minutes, and 80% of VO2Max until calories were 
matched to visit 2. B) Blood sampling for the first three visits was conducted 
immediately before and 30 minutes after exercise.  C)  Blood and biopsy samples for 
the final visit were taken immediately before, 30 minutes after, and three hours after 
exercise. 
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Figure 3. Study visit schematic.  Panel A displays the overall study timeline whereas panel B
indicates the exercise and blood sampling paradigm of visits 2-3.  Panel C pertains only to visit 
4 where muscle biopsy sampling and an additional blood draw have been added to address 
Specific Aim 2.
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3.3 VO2Max and Treadmill Testing  

VO2Max was determined using a treadmill ramp protocol where by subjects ran at 

a consistent speed and the grade of the treadmill was increased by two percent every 

two minutes.   The treadmill speed was determined by asking subjects what speed 

would ellicit a vigorous 10-12 minute run.  Indirect calorimetry was used to collect 

expired air for the duration of the test using a PARVO Medics metabolic cart (Salt Lake 

City, Utah).  Subjects were also fitted with a Polar heart rate monitor throughout the test 

and RPE was collected from the Borg scale of 6-20 at the end of each two minute 

stage.  VO2Max was confirmed if subjects accomplished 3 of the 4 following criteria: an 

increase in workload and no change in VO2 > 200mL of O2, an RPE ≥ 18, RER > 1.1 

and a heart rate greater than 85% age predicted heart rate. Data from the VO2Max 

testing 

Once the subject’s VO2Max was determined, 40, 65, and 80% of their VO2Max were 

calculated and the approximate speed and grade to ellicit these intensities were 

determined using the appropriate ACSM metabolic equations.  Subjects came to the lab 

on three additional days which were seperated by at least 4 days to allow for the 

completion of the 3-day diet and physical activity logs, and to prevent a training effect.  

Indirect calorimetry was performed for the duration of exercise during each of the visits 

to confirm that subjects were exercising at the appropriate intensity.  If the speed and 

grade calculated from the metabolic equations did not yield the target VO2, adjustments 

to speed and grade were made during the exercise to ellicit the correct work rate. 
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3.4 Phlebotemy 

Blood samples were collected before and after the exercise bout of each visit as 

well as 3 hours after the final visit’s exercise bout.  Prior to all blood draws, subjects sat 

quietly for 30 minutes to allow for plasma volume to equilibrate in an attempt to prevent 

fluid shifts as a result of activity and postural changes to influence our results.  After 30 

minutes of quiet sitting 5 mL of blood was collected from the antecubital vein, into an 

EDTA collection tube.  The blood samples were immediately centrifuged at 4°C for 10 

minutes at 3000 rpm to separate the plasma from whole blood.  Plasma was then 

aliquoted into a labeled cryovial and stored at -80o C until further analysis. 

3.5 sRAGE Quantification 

 Plasma samples from a subgroup of the first eight individuals completed were 

analyzed for total soluble RAGE (sRAGE) (R&D Systems; Minneapolis, MN, USA) and 

endogenous secretory RAGE (esRAGE) (BBridge International; Santa Clara, CA, USA) 

via commercially available ELISA kits per manufacterer’s protocol. Data collection on 

plasma sRAGE was concluded after eight subjects for finacial reasons. A 

spectrophotometer emitting at 450nm was used to quantify the optical density of a 

standard curve to which the optical densities of our samples were fitted to determin 

sRAGE and esRAGE concentrations in our specimens.  Samples and standard curve 

were run in triplicate. Values from the esRAGE ELISA yielded an intra-assay and inter-

assay variability of 2.9 – 15.4% and 6.2% respectively and the sRAGE ELISA had an 

intra-assay variability of 8.8 % and an inter-assay variability of 3.1 – 21.1%. Plasma 

concentrations of soluble cleaved RAGE isoforms were calculated by subtraction of 

esRAGE from sRAGE.   
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3.6 Muscle Biopsy 

 Muscle biopsies were taken from the medius vastus lateralus before, after and 3 

hours after exercise on the final visit.  Briefly, a small area of skin was anesthesized via 

injection of a local anesthetic (1% lidocaine HCL) at the biopsy site.  A small incision 

(~0.5 cm) was then made at the biopsy site.  A Bergstrom needle was inserted into the 

incision and with suction applied ~100 mg of muscle tissue was extracted.  A portion of 

each sample was immediately flash frozen in liquid nitrogen and then stored at -80°C for 

later western blotting and immunoprecipitation analyses to be performed.  The other 

portion of muscle sample was immediately placed in RNAlater to stabilize the RNA and 

was then stored at -20°C until extraction of the RNA and gene analysis was performed. 

3.7 Western Blotting and Immunoprecipitation 

 Approximately 10 mg of muscle tissue was homogenized in 20 volumes of cell 

lysis buffer (20mM Tris-HCl (pH 7.5), 150 mM NaCl, 1mM Na2EDTA, 1mM EGTA, 1% 

Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1mM Na3PO4, 1 

µg/mL leupeptin; Cell Signaling Technology, Danvers, MA, USA) supplemented with 5X 

MS-Safe protease and phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, 

USA) to a final concentration of 1:500.  Samples were homogenized using Lysing Matrix 

D and a Fast prep 24 homogenizer per manufacterer’s reccomendations (MP 

Biomedicals, Santa Ana, California, USA).  Following homogenization, the sample and 

beads were placed on a perforated filter contained within a microcentrifuge tube.  

Samples were then centrifuged to collect the cell homogenate in the microcentrifuge 

tube and isolate the homogenization beads which were subsequently discarded.  
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Protein sample concentrations were then determined using a commercially available 

BCA assay.   

For Western blotting experiments, laemmli buffer (65.8 mM Tris-HCl, pH 6.8, 

26.3% (w/v) glycerol, 2.1% SDS, 0.01% bromophenol blue; BioRad, Hercules, CA, 

USA) supplemented with β-mercaptoethanol (Sigma-Aldrich, St. Louis,MO, USA) was 

added to aliquots of muscle homogenates.  Samples were then seperated by 10% SDS-

PAGE and transferred to nitrocellulose membranes.   Membranes were then incubated 

overnight at 4°C with primary antibodies to probe for RAGE (1:500; Abcam, rabbit 

monoclonal; ab172473), hnRNPA1 (1:250; Cell Signaling Technology, rabbit 

monoclonal; 8443), Tra2β-1 (1:250; Santa Cruz Biotechnology, mouse monoclonal; sc-

166769), ADAM10 (1:500; Santa Cruz Biotechnology, mouse monoclonal; sc-28358), 

and GAPDH (1:1000; Cell Signaling Technology, rabbit monoclonal; 2118).  Following 

incubation in primary antibody, membranes were washed with 1X TBST supplemented 

with blocking buffer (0.3% BSA) and incubated with appropriate secondary antibodies 

conjugated with flouresent dyes for use with Li-Cor’s Odyssey imaging system (Li-Cor, 

Lincoln Nebraska, USA) for one hour at room temperature.  Following incubation in 

secondary antibody membranes were scanned still wet and quantified on the Odyssey 

CLx near-infrared imaging system (Li-Cor). 

3.8 Statistical Analysis 

 All baseline data are presented as mean ± standard deviation and all protein data 

are presented as the mean ± standard error of the mean.  Statistical analysis was 

carried out using SPSS statistical software version 23. Comparisons of changes in total 

sRAGE, sRAGEc, and esRAGE concentrations following exercises across the three 
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different exercise intesities were analyzed via two-way, time by intensity, repeated 

measures ANOVA.  Protein concentrations across the three biopsy times were also 

analyzed via one-way repeated measures ANOVA and correlative analysis using 

Pearson’s r was performed to analyze the relationships between outcome measures. 

Significance was set at α = 0.05. Outlliers were defined as being outside of 2 standard 

deviations and excluded from analysis. sRAGE concentrations and protein results were 

normally distributed as confirmed by Shapiro-Wilk test. Non-normally distributed data 

included VO2Max and average VO2 during exercise at 65% of VO2Max for 30 minutes (visit 

3). These data were only analyzed by correlatation (Pearson’s r), which does not 

assume normal disitribution. In addition, VO2Max was log transformed before correlative 

analysis.
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4. RESULTS 

 
4.1 Effect of Acute Exercise Intensity on sRAGE Production  

Baseline characteristics for the subset of participants analyzed for plasma 

sRAGE is presented in Table 3. Metabolic parameters during each visit are presented in 

Table 4. With the exception of visits 40% and 80% trials, which were matched for work, 

the calories expended and across all visits were significantly different (p< 0.05).  

Average heart rate differed for each visit except when comparing the 40% and 65% 

trials and average VO2 was different between all trials (p< 0.05) (average VO2 during the 

max was not icluded in that anaylsis). 

 There were no significant changes in total plasma sRAGE, sRAGEc, nor 

esRAGE following any of the visits (Figure 4) (p> 0.05). Additionally, the change in all 

sRAGE isoforms was not significantly different across visits of varrying exercise 

intensity (p> 0.05).  However, energy expenditure during visit 3 (30 minutes of running 

at 65% VO2Max) significantly correlated to the change in total sRAGE during visit 3 (p< 

0.05) (Figure 5). In addtion, there was a trend toward significant correlation between 

average RER during this exercise bout and change in sRAGEc (r = 0.661, p = 0.074, n 

= 8). 
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TABLE 3. Characteristics of Subjects Used for Analysis of sRAGE.  
 

N 8 

Age (y) 26 ± 4.2 

Gender (%F) 50% 

Weight (kg) 67.7 ± 13.0 

BMI (kg/m2) 22.3 ± 2.5 

BF% 22.6 ± 4.1 

VO2Max (mL/kg/min) 50.2 ± 8.1 

 

Table 3. Baseline Charactersitics for Subset of Subjects Used for Analysis of Plasma 
sRAGE. Values are mean ± SEM. 
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Table 4. Criteria for VO2Max. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 4. Criteria for determining max effort during VO2Max. Some data were missed due to technical difficulty of heart rate 
monitor.  

Subject M/F VO2Max (mL/kg/min) Age (y) Age Predicted Max HR Max HR % of MAX HR Max RER 
1 M 58.5 29 191 Missed Missed 1.14 
2 M 56.7 20 200 192 96 1.15 
3 F 40.0 27 193 204 106 1.15 
4 F 41.3 33 187 198 106 1.13 
5 F 50.2 24 196 196 100 1.09 
6 F 41.0 27 193 Missed Missed 1.09 
7 M 56.7 25 195 179 92 1.13 
8 M 56.8 22 198 182 92 1.10 
9 M 41.9 23 197 Missed Missed 1.19 

10 F 39.9 22 198 175 88 1.14 
11 M 51.2 23 197 207 105 1.15 
12 F 42.4 25 195 186 95 1.11 
13 M 54.3 33 187 187 100 1.14 
14 F 38.8 23 197 194 98 1.12 
15 M 46.2 26 194 190 98 1.19 
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TABLE 5. Exercise Dynamics 
 

  
VO2Max 40% VO2Max 

60 Mins 
65% VO2Max  

30 Mins 
80% VO2Max 

Match 40% kcals 

VO2 (mL/kg/min) 47.7 ± 1.9 18.5 ± 2.9 31.4 ± 1.6 36.4 ± 1.3 

Goal VO2 N/A 18 ± 1 31 ± 2 38 ± 2 

Kcals 157 ± 13 372 ± 40 307 ± 22 372 ± 29 

Goal Kcals N/A N/A N/A 371.9 ± 39.7 

AVG RER 0.925 ± 0.01 0.825 ± 0.01 0.830 ± 0.01 0.916 ± 0.01 

AVG HR 148 ± 4 114 ± 4 152 ± 2 168 ± 2 

 
Table 5. Exercise Dynamics for all study visits.  Metabolic parameters during exercise bouts of varying intensities VO2 for 
VO2Max is the average of the maxes achieved by all subjects. All data are Mean ± SEM.
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Figure 4. Baseline and post exercise sRAGE concentrations in lean healthy participants.  Black, gray, and white bars 
represent concentrations before, 30 minutes after, and 3 hours after exercise respectively. A) Plasma esRAGE levels 
before and after exercise of varying intensity. B) Plasma sRAGEc levels before and after exercise of varying intensity. C) 
Total plasma sRAGE levels before and after exercise of varying intensity. Values are mean ± SEM, n = 8. 
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Figure 5. Energy Expenditure During Exercise Correlates With Change in Total sRAGE 
During exercise at 65% for 30 minutes.  Energy expenditure  did not significantly 
correlate with independent isoforms that make up total sRAGE (sRAGEc or esRAGE) 
and this correlation was not present for any of the other study visits. n = 8. 

 
 
 
4.2 Effect of Acute Exercise on RAGE Expression in Skeletal Muscle 

There was no change in skeletal muscle expression of mRAGE following acute 

exercise at 80% of VO2Max (Figure 6). However, percent change in skeletal muscle 

mRAGE three hours following exercise at 80% of VO2Max, did significantly correlate with 

the same percent changes in total sRAGE and sRAGEc (Figure 7). 
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Figure 6. Effect of Exercise on Skeletal Muscle Expression of RAGE. RAGE expression 
did not change 30 minutes nor 3 hours following exercise at 80% VO2Max. Data is 
presented as a percentage of GAPDH. 
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Figure 7. Relationships Between % Changes in mRAGE and sRAGE Three Hours Following Exercise. Correlations 
between % Change in mRAGE and: A) % Change in Total sRAGE, B) % Change in sRAGEc, and C) % Change in 
esRAGE (non-significant) three hours following exercise at 80% of VO2Max. n = 8 for all correlations. 
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4.3 Effect of Acute Exercise on ADAM10 Expression in Skeletal Muscle 

 The antibody used to detect ADAM10 via western blotting was able to reveal two 

distinct bands at 90 and 60 kDa, which are believed to represent the inactive pro-protein 

and the constitutively active version lacking the prodomain respectively.  Following 

acute aerobic exercise at 80% of VO2Max there was no significant change in either 

isoform of the ADAM10 proteins nor their ratio following acute exercise (Figure 8).   
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Figure 8. Effect of acute aerobic exercise intensity on muscle ADAM10 expression. A) 
90 kDa band representing inactive form of ADAM10. B) 60 kDa band representing 
active form of ADAM10.  C) Ratio of active to inactive ADAM10. ADAM10 protein 
expression is presented as percent of GAPDH. All values are presented as Mean ± 
SEM. n = 15. 
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4.4 Effect of Acute Aerobic Exercise on esRAGE Splicing Factors 

In cell culture, esRAGE has been demonstrated to be dependent on the ratio of 

the antagonistic splicing factors hnRNPA1 and Tra2β whereby a greater 

hnRNPA1:Tra2β ratio was related to a greater RAGE:esRAGE ratio [26].  The same 

study demonstrated that peripheral blood mononuclear cells of patients with Alzheimer’s 

disease had significantly greater RAGE expression, lower esRAGE expression, and 

increased hnRNPA1:Tra2β ratio compared to healthy controls.  Skeletal muscle 

metabolism is greatly altered during exercise and is able to alter spliceosome function 

via increase in AMPK activity [101].  Therefore, a sub-aim of our second specific aim 

was to uncover the effect of acute exercise on hnRNPA1 and Tra2β expression and to 

determine if there is a relationship between their expression and the production of 

esRAGE and RAGE.  Our hypothesis was that exercise would lower hnRNPA1:Tra2β 

ratios and that this ratio would negatively correlate with esRAGE concentrations. To test 

this hypothesis, skeletal muscle biopsies taken from participants’ vastus lateralis 

muscles before, 30 minutes after, and 180 minutes after aerobic treadmill exercise at 

80% of VO2Max were probed via western blotting for Tra2β and hnRANPA1.  Skeletal 

muscle samples were also analyzed for expression of membrane bound RAGE via 

western blotting and blood samples taken at corresponding time points were analyzed 

for esRAGE via ELISA. Following acute aerobic exercise, there were no significant 

changes in the expression of Tra2β, hnRNPA1 or the ratio of hnRNPA1:Tra2β (Figure 

9).  
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Figure 9. The Effect of Acute Aerobic Exercise on hnRNPA1 and Tra2β Expression. A) 
Tra2β skeletal muscle protein expression. B) hnRNPA1 skeletal muscle protein 
expression. C) Ratio of hnRNPA1:Tra2β skeletal muscle protein expression. Tra2β and 
hnRNPA1 protein expression are presented as percent of GAPDH. All values are 
presented as Mean ± SEM. n = 15. 
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In addition, changes in esRAGE following exercise at 80% of VO2Max did not significantly 

correlate to changes in protein expression of the splicing factors measured or to 

changes in their ratio.  However, there was a significant negative correlation between 

baseline Tra2β and change in esRAGE (Figure 10) and a trend toward a significant 

positive correlation between baseline levels of esRAGE and Tra2β protein expression (r 

= 0.692, p = 0.057, n= 8).  

 
 
 
 

 
Figure 10. Correlation Analysis of Baseline Tra2β Expression to Change esRAGE 
Concentration. Delta esRAGE is the difference between esRAGE concentrations before 
and 30 minutes after exercise at 80% of VO2Max. n = 8. 
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5. DISCUSSION 

 
The present study set out to determine the effect of acute aerobic exercise 

intensity on sRAGEc and esRAGE production in lean healthy individuals. In addition, 

this study also examined if acute aerobic exercise modulated mechanisms that play a 

role in sRAGE production in skeletal muscle.  Our hypotheses were that acute exercise 

would increase sRAGEc and esRAGE concentration in the plasma in an intensity 

dependent manner and that acute exercise would alter mechanisms of sRAGE 

production in skeletal muscle, potentially contributing to the circulating sRAGE pool. 

5.1 Exercise and sRAGE Production in Lean Healthy Individuals 

 In order to test the first hypothesis, participants performed treadmill exercise at 

40, 65, and 80% of their VO2Max during three separate study visits.  Blood samples were 

collected before and after each exercise bout and the plasma was analyzed for sRAGE 

isoforms. In order to attribute any potential differences in sRAGE production across the 

separate study visits to intensity alone, the exercise bouts at 40 and 80% of VO2Max 

were matched for energy expenditure.  However, contrary to our hypothesis, acute 

exercise did not elicit a significant change in plasma sRAGE of either isoform.  

 This lack of an increase in sRAGE could be in part due to the high baseline 

sRAGE concentration, and low expression of membrane bound RAGE in our lean, 

healthy cohort. Previous data from our lab has demonstrated a disparity in the 

expression of RAGE in skeletal muscle in healthy compared to diseased individuals 

whereby the latter group possesses significantly more mRAGE (not published) and 

baseline total sRAGE concentrations for our subjects are almost double what was 
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reported for the baseline concentrations in T2DM individuals studied by Choi et al. 

(1400 pg/mL vs. 726 pg/mL) [21]. sRAGEc is the predominant contributor to the total 

sRAGE pool having a concentration of approximately three times that of esRAGE (data 

not shown).  Therefore, as mRAGE is the substrate for sRAGEc production, basal 

mRAGE is likely a determinant of the ability to generate sRAGE. However, attempts to 

correlate baseline skeletal muscle RAGE concentrations to changes in sRAGE isoforms 

following exercise. We also went on to explore relationships between changes in 

mRAGE with changes in sRAGE isoforms.  This analysis revealed a significant positive 

correlation between the percent change of both parameters three hours following 

exercise at 80% of VO2Max.  This suggest that mRAGE in the skeletal muscle is 

contributing to the circulating sRAGE pool. In addition, it is evident by these correlations 

that individuals with a negative change in mRAGE also had a negative change in 

sRAGE suggesting not only that these two are proportional to each other, but also our 

lean healthy subjects may be at the optimal proportion of these two proteins. In the 

future it will be important to study a cohort of individuals who have a disproportionate 

amount of mRAGE:sRAGE such as in T2DM and determine if acute aerobic exercise is 

able to rescue that ratio to levels more similar to our healthy cohort. 

 Our hypothesis that sRAGE production would be dependent on exercise intensity 

was in part based on evidence that ADAM10 is the major contributor to membrane 

shedding of RAGE [23] and that calcium is a key regulator of RAGE cleavage and 

ADAM10 activity [25, 89, 91]. In addition, spikes in calcium concentration in skeletal 

muscle cause activation of CAMKII which has previously been shown to play a role in 

sRAGE production in vitro [91].  Calcium is released by the sarcoplasmic reticulum upon 
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neural stimulation and subsequent depolarization of the skeletal muscle and is directly 

related to muscle force production. ADAM10 transcription is also under the control of 

the NAD+ deacetylase SIRT1 [24]. Acute exercise is known to increase SIRT1 activity 

by increasing cellular concentration of NAD+ [102, 103], which is produced in an 

intensity dependent manner as a byproduct of cellular metabolism. Thus, increased 

exercise intensity may result in greater ADAM10 activity and expression resulting in 

increased sRAGE production. 

Although not significant, each of the exercise bouts resulted in a negative delta 

value for sRAGE with the exception of the exercise bout performed at 65% of VO2Max for 

30 minutes, which may point toward 65% of VO2Max as the optimal exercise intensity for 

the modulation of RAGE metabolism.  While there is considerable evidence that would 

logically link greater intracellular calcium concentrations to greater sRAGE production, 

calcium also interacts with many molecules and signals to generate innumerable 

downstream effects.  Therefore, where too low of an exercise intensity may not be 

robust enough of a stimulus to cause optimal calcium mediated sRAGE production, too 

great of an exercise intensity may produce cross-talk to other calcium dependent 

signaling mechanisms preventing an appreciable change in sRAGE production.  

Interestingly, energy expenditure during the exercise bout at 65% of VO2Max 

significantly correlated with the change in total sRAGE and there was also a trend 

toward significance when correlating the average RER of this exercise bout to the 

change in sRAGEc (r = 0.661, p = 0.074, n = 8).  Collectively these data suggest that 

energy expenditure as well as the mechanisms responsible for modifying fuel utilization 

at this intensity for at least 30 minutes may be related to RAGE metabolism. 
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5.2 Exercise and Mechanisms of sRAGEc Production 

To better understand why we did not observe changes in sRAGE production 

following exercise, we probed skeletal muscle samples taken from our participants 

before, 30-minutes post, and 180-minutes following exercise at 80% of VO2Max.  In 

agreement with our finding no significant change in plasma sRAGE concentrations 

following exercise, there was also no significant change in mRAGE protein in skeletal 

muscle of our participants following exercise. 

ADAM10 is the primary protease responsible for cleavage of mRAGE and 

production of sRAGEc [23].  The antibody we used to measure ADAM10 expression, 

produced a band at 60 and 90 kDa representing the constitutively active isoform of 

ADAM10 and the inactive ADAM10 proprotein, respectively. There was also no 

significant change in either isoform of ADAM10 following exercise, nor was there a 

change in the ratio of the constitutively active to inactive ADAM10 protein. 

 Although no changes were observed in ADAM10 protein expression following 

exercise, ADAM10 activity may still be able to be modified by acute exercise.  As 

previously mentioned, inhibition of CAMKII was previously shown to reduce ADAM10 

activity suggesting that ADAM10 activity may be altered by CAMKII dependent 

phosphorylation [23].  It is possible that exercise was able to alter ADAM10 activity and 

that the lack of sRAGE change was independent of ADAM10. In addition, ADAM10 has 

many substrates beyond RAGE, the proteolysis of which may result in different cellular 

consequences. Therefore, there may be an optimal protein expression and activity of 

ADAM10 which our healthy cohort has already achieved.  
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To this point, lean individuals may experience an effect of exercise on ADAM10 

and RAGE metabolism that differs from metabolically impaired individuals. For example, 

Alzheimer’s disease patients have been shown to have lower levels of ADAM10 

expression compared to healthy controls [104]. Therefore, future studies examining the 

effect of exercise on ADAM10 activity and protein expression in a diseased cohort 

would give a more complete insight into how mechanisms responsible for sRAGEc 

production are altered in response to exercise. 

5.3 Exercise and Alternative Splicing of RAGE  

 The alternative splice variant of mRAGE (esRAGE) also contributes to the total 

sRAGE pool and is governed by independent and parallel mechanisms. hnRNPA1 and 

Tra2β influence the splicing of RAGE pre-mRNA to produce mRAGE or esRAGE 

respectively [26]. Exercise is known to generically alter gene splicing, so to determine if 

acute exercise could alter the regulation of hnRNPA1 and Tra2β splicing proteins 

skeletal muscle homogenates were analyzed for changes in the protein expressions of 

these two splicing factors. Acute aerobic exercise did not alter protein expression of 

hnRNPA1, Tra2β or the hnRNPA1:Tra2β ratio.  However, baseline Tra2β trended 

toward a significant and positive correlation to baseline esRAGE concentrations (r= 

0.692, p= 0.057, n= 8). This is in line with the results produced in vitro by Liu et al. 

demonstrating Tra2β as a positive factor for esRAGE production.  Interestingly, baseline 

Tra2β expression significantly and negatively correlated with change in esRAGE 

following exercise during visit 4. This analysis seems counterintuitive at first, however, it 

is in line with observations made by Liu et al. in vivo who observed that although healthy 

individuals present with lower levels of both Tra2β and hnRNPA1, they maintain a lower 
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hnRNPA1:Tra2β ratio compared to individuals with Alzheimer’s disease.  However, 

hnRNPA1:Tra2β ratio did not significantly change with exercise in our cohort.  Therefore 

there may be other regulators at play that we are not yet aware of and this could 

potentially be unique to our subjects with such high levels of fitness (VO2Max 47.7 ± 7.4 

mL/kg/min, mean ± SD).  

5.4 Limitations and Future Directions 

 This study is the first to examine the effect of acute aerobic exercise and 

exercise intensity on plasma sRAGEc and esRAGE concentrations in lean healthy 

individuals.  Furthermore, this study’s level of control is superior to previous studies that 

examined the effect of exercise on sRAGE. The current study was the only of its kind to 

utilize a combination dietary logs and physical activity logs prior to each visit and 

indirect calorimetry during to each visit.  The current study is also only the third to use 

supervised exercise for each visit. The two other studies that explored the effects of 

exercise on sRAGE used physical activity type interventions or exercise prescription.  

Although this study was extremely well controlled it is not without its limitations. 

One of the limitations of this study was the our relatively small sample size with only an 

n of 8 for sRAGE analysis, and 15 for analysis of protein expression of sRAGE-

producing mechanisms.  We also did not record menstruation status for our female 

participants which may be a confounding variable as previous research has 

demonstrated that estrogen has an effect on sRAGE concentrations in post-

menopausal women undergoing hormone replacement therapy [105].  Another limitation 

of this study was the high level of fitness of our healthy cohort.  While is important to 

understand the normal physiology of RAGE metabolism in healthy individuals, this 
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cohort bordered on being considered athletes rather than normal healthy individuals. 

Another limitation of this study was that calories were not matched across all exercise 

intensities and study visits were not randomized. Matching calories allows potential 

differences of sRAGE production across study visits to be attributed to exercise intensity 

rather that total work. Also, in an attempt to limit participant burden, muscle biopsies 

were only taken during the final study visit, therefore the effect of exercise intensity on 

RAGE metabolism mechanisms in skeletal muscle were not able to be deduced. 

Although no changes in protein expression were observed in any of the 

mechanistic proteins of interest, there may be underlying regulation of protein activity 

via posttranslational modification as well as transcriptional regulation that was not 

explored in this study. In particular, ADAM10’s activity is able to be altered regardless in 

changes of protein expression and may be due to phosphorylation by CAMKII, other 

calcium sensitive kinases, or other unknown mechanisms.  Finally, esRAGE mRNA 

levels are of interest to determine if exercise is able to elicit changes in splicing patterns 

at the transcriptional level. This will help better inform our protein results and give 

insight into esRAGE regulatory mechanisms. 

5.5 Conclusion 

 In conclusion, acute aerobic exercise had no effect on sRAGE production in lean 

healthy individuals and this observation was not intensity dependent.  There was 

however a significant correlation between energy expenditure and change in sRAGE 

concentration following exercise performed at 65% of VO2Max for 30 minutes. We also 

observed a correlation that approached significance between RER and change in 

sRAGEc following the same exercise bout.  Suggesting that this time and intensity could 



 57 

 

be the ideal exercise stimulus to elicit changes in sRAGE in lean healthy individuals and 

may be worth investigating in future studies with diabetic individuals as well. Also, acute 

aerobic exercise did not have an effect on protein expression of ADAM10, hnRNPA1, or 

Tra2β in skeletal muscle.  However, a significant correlation was found between 

baseline protein expression of Tra2β and baseline esRAGE following exercise, 

indicating that it may be playing some regulatory role at least at rest. Future studies 

should be carried out in diseased populations to determine if exercise is a viable option 

for altering RAGE expression in skeletal muscle, subsequently altering plasma sRAGE 

concentrations. Finally, future study in a diseased cohort may uncover mechanisms of 

RAGE metabolism that may be exploited as an alternative therapy to be used in 

combination with exercise to improve efficacy of prevention and treatment of diabetes 

and its complications. 
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