
 

 

Introduction 
 
Atherosclerosis remains the leading cause of 
death in the western countries and represents a 
chronic inflammatory process whose regulation 
is dependent on a complex network of cytokine 
and chemokine signaling between key cells 
such as endothelial cells, monocytes, dendritic 
cells, lymphocytes and smooth muscle cells.  
Inflammation is an adaptive response that is 
triggered by a variety of abnormal conditions, 
including infection, tissue injury and alteration 
of tissue homeostasis. Although infection is the 
best-understood trigger of inflammation, it does 
not play a major role in atherosclerosis. How-
ever, tissue injury leading to the release of dan-
ger signals such as S100 proteins, HMGB1, 
heat shock proteins, phosphatidylserine con-
taining microparticles, and alteration of tissue 
homestasis with oxidation of LDL and other pro-
teins are able to activate pattern-recognition 
receptors to initiate a potent inflammatory re-
sponse similar to what has been shown for mi-
crobial pathogens.  An increasing number of 
endogenous ligands are being reported as can-
didate stimulators of pattern recognition recep-
tor such as toll-like receptors (TLRs), Nod-like 
receptors (NLR) and receptor for advanced gly-

cation endproducts (RAGE).  Clinical complica-
tions of coronary artery atherosclerosis are a 
consequence of chronic remodeling of the blood 
vessel wall possibly leading to chronic tissue 
ischemia and heart failure, and acute complica-
tions such as plaque rupture associated with 
infarction and possibly sudden death.  Athero-
sclerosis is a multifactorial process with com-
plex biological mechanisms at play.  This review 
focuses on the biology and function of S100 
proteins and their receptor RAGE with respect to 
atherosclerosis, plaque rupture, and aortic wall 
remodeling.  
 
S100 proteins belong to the family of the 
calcium binding EF-hand proteins, and the 
name “S100” originates from their solubility 
in 100% ammonium sulfate. There are at 
least 21 different members of the S100 pro-
tein family and they are involved in a large 
number of cellular functions such as calcium 
homeostasis, cell growth and differentiation, 
dynamic regulation of the cytoskeleton re-
lated to cell invasion and metastasis, as well 
as regulation of inflammation and immune 
responses. Calcium binding to the EF-hand 
domain of the S100 proteins triggers struc-
tural changes that facilitate the interaction 
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with target proteins and the modulation of 
their activity. S100 proteins are known by 
many different names, and a more uniform 
nomenclature according to gene name 
S100A1-16, S100B, S100P and S100Z has 
been encouraged. S100A8/9 and S100A12 
share structural and functional homologies 
and are often named as “S100/
calgranulins”. Besides their intracellular 
functions, the S100/calgranulins are se-
creted and exert cytokine-like effects in an 
autocrine and/or paracrine manner through 
the activation of cell surface receptors.  
 
Association of S100/calgranulins with 
human vascular disease 
 
S100A8 (also known as migration inhibitory 
factor-related protein= MRP8, or Calgranulin 
A), S100A9 (also known as MRP14, Cal-
granulin B) and S100A12 (also known as 
extracellular newly identified RAGE binding 
protein = EN-RAGE, or Calgranulin C), are 
endogenously expressed at various levels in 
cells intimately linked to vascular disease 
such as neutrophils, macrophages, dendritic 
cells and monocytes. S100/calgranulin pro-
teins are secreted from activated myeloid 
cells and many clinical epidemiological stud-
ies established an association of elevated 
serum concentration of S100/calgranulins 
with disease activity in chronic inflammatory 
diseases, such as rheumatoid arthritis, in-
flammatory bowel disease, asthma, diabetes 
and Kawasaki vasculitis. Hence, levels of 
S100/calgranulins are powerful biomarkers 
of generalized or localized inflammation and 
several clinical studies are of great interest 
to the cardiologist. For example, the TIMI 22 
study identified the serum concentration of 
S100A8/9 obtained 30 days after acute 
coronary syndrome (ACS) as a predictor of 
recurrent cardiovascular events (MI or 
death) over the ensuing 18-36 months [1]. A 
similar predictive power was shown for se-
rum S100A12 concentration in two recent 
studies of patients undergoing chronic 
hemodialysis where elevated serum 
S100A12 levels were found to predict cardio-
vascular mortality [2, 3]. In those studies, 
the level of S100A8/9 or S100A12 remained 
a predictor of adverse cardiovascular out-
come even after stratification for hsCRP and 
IL-6 levels, suggesting that these markers 
have diagnostic value and are possibly di-

rectly involved in the underlying vascular 
pathology. Moreover, S100A8/9 [4] and 
S100A12 [5] -positive cells are present in 
human atherosclerotic plaques, and an au-
topsy study of victims of sudden cardiac 
death found enhanced expression of 
S100A12 and its receptor RAGE in macro-
phages and smooth muscle cells (SMCs) in 
the ruptured coronary artery plaque, with the 
highest levels observed in diabetic subjects
[6]. These findings suggest that S100/
calgranulin may predispose atherosclerotic 
lesions to become unstable and mediate 
atherothrombosis with devastating vascular 
complications. Indeed, an elegant study by 
Healy et al [7] used gene expression of the 
platelet transcriptome as a window in time to 
examine gene expression in patients with ST-
elevation myocardial infarction and stable 
CAD. Since the small amount of mRNA in the 
platelets is a remnant from megakaryocytes 
in the bone marrow, this study reflects gene 
expression profiles well prior to the clinical 
presentation with STEMI. Interestingly, only 
two genes were significantly up regulated in 
the platelet transcriptome in STEMI com-
pared to stable CAD: CD69 and S100A9 with 
an odds ratio of 6.2 and 3.3, respectively. 
Further studies confirm an association be-
tween S100/calgranulin and coronary artery 
disease. Gene expression of S100A12 in 
peripheral blood mononuclear cells was one 
of the strongest and an independent predic-
tor of angiographically confirmed obstructive 
CAD in the Predict trial, a multicenter valida-
tion study involving 526 nondiabetic patients 
to assess a personalized risk evaluation and 
diagnosis of coronary tree [8]. While these 
clinical epidemiologic studies indicate an 
important role of S100/calgranulins as a 
biomarker for CAD, there was no proof that 
S100/calgranulins directly mediate vascular 
disease and therefore could be targeted for 
therapeutic interventions, until recent ani-
mal and cell culture studies shed more light 
on the pathological role of S100/
calgranulins in mediating vascular inflamma-
tion.  
 
S100/Calgranulins activate RAGE and TLR-4: 
Implication for cellular response and pertur-
bation  
 
Bovine S100A12 was first identified to bind 
to and to activate the Receptor for Advanced 
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Glycation Endproducts (RAGE) and to medi-
ate a pro-inflammatory response in cultured 
endothelial cells and macrophages, as well 
as in vivo in mouse models of disease. The 
pro-inflammatory response such as in-
creased secretion of IL-6, IL1β and TNFα was 
mediated by the cell surface receptor RAGE 
since blocking RAGE using anti-RAGE IgG or 
limiting the access of S100A12 to its recep-
tor using recombinant soluble RAGE attenu-
ated inflammation in vitro and in vivo [9]. In 
addition, toll like receptor 4 (TLR-4) was 
identified as a binding partner for S100A8/9 
to amplify S100/calgranulin mediated in-
flammation relevant to infection, autoimmu-
nity and cancer [10, 11].  
 
Both RAGE and TLR play important roles in 
mediating acute and chronic inflammation 
relevant for the initiation and progression of 
atherosclerosis. In support of this view, hy-
perlipidemic ApoE null mice lacking either 
RAGE or TLR signaling were found to have 
attenuated atherosclerosis [12, 13]. RAGE is 
critical for mediating acute and chronic in-
flammation in pathological settings, but 
plays a lesser role in normal physiology and 
development since mice lacking RAGE de-
velop normal and have no or minimal pheno-
type in mice aged >15 months. These char-
acteristics make RAGE an ideal therapeutic 
target in disease states characterized by en-
hanced ligand/RAGE axis, and would allow 
long-term suppression of RAGE. Longterm 
blockade of the ligand/RAGE axis therefore 
compares favorably to other strategies for 
example that of chronic TLR blockade since 
TLR signaling and lack off TLR signaling con-
tributes to the growth of tumors in numerous 
organs and thus may represent a general 
principle of tumorigenesis [14]. RAGE was 
first identified in 1992 from bovine lung as a 
35-kDa protein that bound Advanced Glyca-
tion Endproducts (AGEs) in a dose depend-
ent manner [15]. A remarkable characteristic 
of RAGE is that it binds multiple ligands: 
AGEs, S100 proteins (such as S100A12, 
S100B, S100A4, S100A8/9, and S100P), 
high mobility group box 1 protein (HMGB1), 
amyloid beta peptide and beta sheet fibrils. 
The diverse repertoire of ligands binds to the 
extracellular domain of RAGE with different 
affinity. Moreover, recently it was shown that 
carboxylated glycans modification on the 
ligand binding portion of RAGE provides extra 

high-affinity binding sites for S100A12, and 
promotes increased RAGE-S100A12 signal-
ing [16]. As shown by Srikrishna et al. glycan
-enriched RAGE had a 30 fold higher binding 
of S100A12/mole RAGE (Bmax 44.4) com-
pared to unmodified RAGE (Bmax 1.2), and 
this glycan dependent binding was much 
higher for S100A12 compared to S100A8/9 
or S100A11 (Bmax 44.4, 0.4 and 0.04, re-
spectively), suggesting that S100A12 may 
have the strongest potential to activate 
RAGE in conditions of increased glycosyla-
tion, such as diabetes or uremia. In general, 
RAGE binds S100A12 with a similar affinity 
(Kd ranging from 51-133 nM) to that of 
S100A8/9 with (Kd ranging from 7.6-34 nM)
[16].  
 
S100A12 in animal models of vascular dis-
ease 
 
Our laboratory exploited the fact that 
S100A12 is not present in mice and we gen-
erated transgenic mice expressing human 
S100A12 in smooth muscle cells driven by 
the SM22a promoter. After backcrossing into 
the hyperlipidemic ApoE null mice, we ana-
lyzed transgenic mice with S100A12 
(=S100A12tg/ApoE null) and littermate mice 
without the S100A12 transgene (=wild type, 
WT/ApoE null). We found a 1.4 fold increase in 
atherosclerotic plaque size and more specifi-
cally a large increase in calcified plaque area in 
the S100A12/ApoE null mice [5]. As shown in 
Figure 1, the atherosclerotic plaque in the 
S100A12tg/ApoE null mice showed enhanced 
intimal calcification, a larger necrotic core, and 
increased outward remodeling with breakdown 
of elastic fibers. These are features of human 
atherosclerosis that are associated with plaque 
rupture and atherothrombosis causing acute 
myocardial infarction or sudden death [17].  
 
The profound vascular remodeling observed in 
this mouse model with expression of human 
S100A12 are direct evidence that S100A12 is 
pathological for vascular disease and indeed 
may mediate acute myocardial infarction, sud-
den death and obstructive coronary disease as 
suggested by the clinical studies that found an 
association of S100A12 and these clinical out-
comes. One of the key findings in the 
S100A12tg mice is enhanced oxidative stress. A 
2-3 fold increase in urinary 8-isoprostane was 
observed in 4-month and 8 month old 
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S100A12tg/ApoE null mice, and increased H2O2 
production was reported in aortic smooth mus-
cle cells harvested from S100A12tg aorta com-
pared to WT aorta. Oxidative stress has many 
effects on vascular cells, including activation of 
Runx-2, a transcription factor regulating the 
expression of many osteoblastic genes [18].  

Indeed, we found increased gene expression of 
many bone-regulating genes in the aortic tissue 
of young S100A12tgApoE null mice before the 
onset of overt vascular calcification. Consistent 
with roles for oxidative stress, treatment with 
apocynin or diphenyliodonium (DPI), two com-
pounds known to inhibit NADPH oxidase, attenu-
ated calcification of cultured S100A12tg-SMCs.  
It is interesting to note that S100A12 expressed 
in SMCs alone is not sufficient to induce vascu-
lar calcification under normal metabolic condi-
tions, since S100A12tg mice with normal lipids 
(C57BL6/J-ApoE +/+ mice) did not show any 
spontaneous vascular calcification [5].  In addi-
tion to hyperlipidemia, we found that uremia is a 
sufficient metabolic challenge to promote vas-
cular calcification in the presence of S100A12. 
S100A12tg/C57Bl6/J mice with surgically in-
duced chronic kidney disease, but with other-
wise normal cholesterol, developed medial cal-
cification in the aorta of S100A12tg mice but 
not in WT mice within 8 weeks after ureter liga-
tion [19] (Figure 2). Medial calcification is vastly 
enhanced in patients with chronic and end 
stage kidney disease and is associated with 
increased adverse cardiovascular outcome. 
Specifically, calcification of the media usually 
occurs in the absence of macrophages and hy-
perlipidemia, and is thought to critically involve 
SMCs that either undergo a phenotypic switch 
to osteoblast like cells, or to become senescent 
vascular smooth muscle cells with an increased 
pro-calcification phenotype [20]. Our data sug-
gest that S100A12 increases the susceptibility 
of SMC to undergo de-differentiation in order to 
gain a profile typical of osteoblast-like cells.  
Importantly, pretreatment of cultured aortic 
SMC with either soluble RAGE, the ligand-

Figure 1. Advanced remodeling with calcification, 
necrotic core and elastic fiber degradation of 
atherosclerotic plaques in ApoE null mice that 
express human S100A12 in the smooth muscle 
(a-c) compared to WT/ApoE littermate mice (d-f). 
Alizarin Red stain for calcium (a,d), H&E stain 
(b,e) and Verhoeff van Giessen stain for elastic 
fibers (c,f). L-lumen, FFN-fibrofatty nodule, *** 
osteoblast like cells. Modified and reproduced 
with permission from Hofmann Bowman et al [5]. 

Figure 2. Enhanced 
medial calcification in 
S100A12tg aorta sub-
jected to ureteral ob-
struction is shown on 
Aizarin red (AR) stained 
aorta and quantified 
(b,c). Modified and repro-
duced with permission 
from S.Karger AG, Basel 
[19]. 
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binding domain of RAGE that limits access of 
ligands to cell surface RAGE, or knockdown of 
Nox1, a critical component of NADPH oxidase in 
SMCs, attenuated calcification of aortic SMCs 
(Figure 3).  We speculate that S100A12 medi-
ated vascular calcification could be the missing 
link in patients with end stage renal disease to 
connect (i) increased S100A12 serum levels, (ii) 
increased vascular calcification and (iii) in-
creased adverse cardiovascular outcome.  
 
Macrovascular calcification increasingly afflicts 
our aging and dysmetabolic population. Once 
considered a passive/ degenerative process, 
data from many laboratories have converged to 
reveal that vascular calcification is in great part 
an actively regulated form of matrix mineral 
metabolism. Antecedent vasculopathy from dia-
betes, dyslipidemia or hypertension interacts 
with fluctuating hyperphosphatemic milieu of 
chronic kidney disease that overwhelms de-
fenses against soft tissue mineralization and 
promotes low-grade widespread vascular in-
flammation [21]. Our data indicate that 
S100A12 upregulated ROS production by vascu-
lar SMCs via direct activation of RAGE, Nox1 or 
a heterodimeric RAGE-Nox1 signaling complex 
that initiates osteogenic mineralization in an 
appropriate cellular environment.   
 
The specific phenotype of S100A12-mediated 
vascular disease depends on the microenviron-
ment. In metabolically challenged mice with 
hyperlipidemia we found mostly enhanced inti-
mal calcification and necrosis of atherosclerotic 
plaques, compared to medial calcification that 
was observed in uremic S100A12 tg mice.  In 
contrast, in metabolically normal mice of the 

same C57BL6/J strain, we found that S100A12 
modulates the phenotype of SMC from a normal 
contractile state to a synthetic state with in-
creased oxidant stress and increased produc-
tion of MMP2/9, IL-6, TGF-b leading to reduc-
tion of contractile fibers within the SMCs and to 
the formation of aortic aneurysms in 
S100A12tg mice [22]. In fact, the S100A12tg 
aorta has remarkable similarity to the aortic 
remodeling found in mice that carry a mutation 
in fibrillin-1, and serve as an animal model for 
Marfan syndrome [23]. Indeed, when we exam-
ined aortic tissue from patients with thoracic 
aortic aneurysms, we found S100A12 was 
upregulated in the smooth muscle rich medial 
layer and particularly at sites of medial dissec-
tion (Figure 4). S100A12 is not present in nor-
mal vascular SMCs but there is growing evi-
dence that S100A12 and other S100 proteins 
are up-regulated in SMCs in response to injury 
such as lipopolysaccaride [22], mechanical 
stretch (unpublished data from our lab) and 
after endothelial wire injury[24]. S100A12 and 
other S100 proteins belong to the heterogenous 
group of damage associated molecular pattern 
(DAMP) molecules, and are inducible in a variety 
of cells linked to tissue injury, inflammation, cell 
death and apoptosis [25]. Studies by Tsoporis 
et al showed increased myocyte apoptosis after 
myocardial infarction that was dependent on 
infarct induced expression of S100B in myo-
cytes interacting with its receptor RAGE [26]. 
Similarly, our studies indicate that forced ex-
pression of human S100A12 in aortic smooth 
muscle in bioengineered mice induces patho-
logical ROS and inflammatory changes leading 
to dysfunctional SMCs with aneurismal remodel-
ing. 

Figure 3. In vitro calcification is attenuated in S100A12tg aortic SMCs by pretreatment with soluble RAGE 
and by transfection with shRNA targeted to Nox1. a) S100A12, RAGE and Nox-1 protein expression in aortic 
tissue from WT and S100A12tg mice, b) calcium content and c) mRNA in cultured aortic SMC form 
S100A12tg and WT aortas. Modified and reproduced with permission from S.Karger AG, Basel [19]. 



S100/calgranulins EN-RAGEing the blood vessels 

 
 
97                                                                                                         Am J Cardiovasc Dis 2011;1(1):92-100 

To better understand the biological mechanisms 
of S100/calgranulin in pathological states, it is 
important to understand the physiological prop-
erties of S100/calgranulins, which are endoge-
nously expressed in myeloid cells and particu-
larly in neutrophilic granulocytes, S100A12 con-
stitutes 2-5% of the cytosolic protein. The nor-
mal function of S100/calgranulin in myeloid 
cells is only partially understood. Early studies 
implicated S100A12 as a protein linked to host 
defense with antiparasitic and antifungal ability
[27]. More recent studies showed that 
S100A8/9 interacts with Nox2/gp91phox in 
phagocytes [28] resulting in ROS production, 
also known as respiratory burst, which is an 
important feature of the innate immune re-
sponse to mediate microbial killing. To our 
knowledge, there are no known human dis-
eases associated with insufficient or function-

ally abnormal S100A8/9 or S100A12 protein.  
However, mice lacking S100A8 display embry-
onic lethality [29], and mice lacking S100A9 
(which is a binding partner to S100A8) have a 
rather mild phenotype with a modified response 
to LPS and reduced cytokine secretion from 
neutrophils and exacerbated cytokine release 
from dendritic cells [30]. We showed that 
S100A12 binds to Nox1 in SMCs, and we 
speculate that it may promote ROS in SMCs in a 
similar fashion as has been shown for 
S100A8/9 in phagocytes (Figure 5).   
 
S100/calgranulins: from friends to foes? 
 
In summary, S100A12 is a pro-inflammatory 
and pro-oxidant protein that is endogenously 
expressed in leukocytes, and is inducible in 
smooth muscle and other cells under pathologi-

Figure 4. S100A12 is expressed in human thoracic aortic aneurysms (TAA), but not in healthy human aortic 
media (A), and co-localizes to SMCs (B, SMA=smooth muscle actin), Modified from Hofmann Bowman et al 
[22]. 
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cal conditions.  In SMCs, S100A12 is sufficient 
to induce oxidative stress and to modulate 
basic cell functions ranging from increased 
cytokine production to the regulation of an 
osteogenic gene regulatory program. Our 
research indicates a direct role for S100A12 
in mediating inflammation and apoptosis 
linked to vascular disease such as athero-
sclerosis, medial calcification, and aortic 
aneurysm formation. Taken together, it is in-
triguing to postulate that intracellular roles for 
S100/calgranulins such as S100A12 may be 
largely protective rapid response mechanisms 
to acute stresses.  However, in chronic disor-
ders such as those of autoimmunity where 
S100/calgranulins are biomarkers of long-term 
inflammation such as in rheumatoid arthritis 
and inflammatory bowel disease, sustained pro-
duction of S100s and/or prolonged release of 
these molecules results in the gaining of new 
functions – chronic binding to and activation of 
cell surface receptors and their consequences.   
 
In conclusion, we propose that S100A12 may 
serve as a therapeutic target for future drug 
development for chronic inflammatory disor-
ders – from autoimmunity to atherosclerosis. 
There are several potential strategies to at-
tenuate S100A12 mediated cell dysfunction: 
(1) blocking RAGE signaling using small 
molecules specific for S100A12-RAGE bind-
ing and signaling; (2) limiting access of 
S100A12 to its target binding proteins 
(RAGE, Nox1, and likely others) using a de-
coy protein such as soluble RAGE; (3) identi-
fication of novel S100A12 binding com-

pounds to inhibit access to other target bind-
ing proteins; (4) effective intracellular anti-
oxidant compounds to prevent S100A12 in-
duced ROS production. 
 
Our view of atherosclerosis as a chronic in-
flammatory disease has evolved in the last 
30 years.  However it is remarkable that our 
clinical armamentatrium to treat atheroscle-
rosis targets mostly the treatment of hyper-
tension, hyperlipidemia and other cardiovas-
cular risk factors, yet no specific “anti-
inflammatory” drugs are available for the 
treatment of atherosclerosis. We will await 
eagerly the results of two recently launched 
clinical trials, where the immunoneutralizing 
antibody against IL-1β Canakinumab will be 
given to patients with stable coronary artery 
disease and elevated hsCRP (=Cantos trial), 
and a second trial investigating a lower dose 
of the immune-modulatory drug meth-
otrexate (10 mg/week) in diabetic patients 
with coronary artery disease 
(=Cardiovascular Inflammation Reduction 
trial, CIRT) [31].  Both trials may address the 
question if inflammation itself could be phar-
macologically targeted to attenuate athero-
sclerosis. Further, these trials may be a key 
test of the relevance to successful therapeu-
tic interventions in atherosclerotic mice to 
the human condition [32].  
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