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to RAGE attenuated the calcification and gene expression of 

 osteoblastic genes in cultured vascular smooth muscle cells. 

 Conclusion:  S100A12 augments CKD-triggered osteogene-

sis in murine vasculature, reminiscent of features associated 

with enhanced vascular calcification in patients with chronic 

and end-stage kidney disease. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Chronic kidney disease (CKD) is associated with ac-
celerated atherosclerosis and a high risk of death from 
cardiovascular disease  [1] . Several factors contribute to 
the vascular disease in CKD, including oxidative stress, 
inflammation, reduced nitric oxide bioavailability, hy-
pertension and dyslipidemia, among others. Recent epi-
demiological studies in hemodialysis patients have iden-
tified serum S100A12 levels as a significant independent 
determinant for intimal medial thickness  [2]  and as an 
independent predictor for cardiovascular-related mortal-
ity, even after adjustment for other confounding inflam-
matory markers such as white blood cell count, C-reac-
tive protein and interleukin-6  [3] . We first identified 
S100A12, also known as extracellular newly identified 
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 Abstract 
  Background:  The proinflammatory cytokine S100A12 (also 

known as EN-RAGE) is associated with cardiovascular mor-

bidity and mortality in hemodialysis patients. In the cur-

rent study, we tested the hypothesis that S100A12 expressed 

in vascular smooth muscle in nonatherosclerosis-prone 

C57BL/6J mice on normal rodent chow diet, but exposed

to the metabolic changes of chronic kidney disease (CKD), 

would develop vascular disease resembling that observed in 

patients with CKD.  Methods:  CKD was induced in S100A12 

transgenic mice and wild-type littermate mice not express-

ing human S100A12 by surgical ligation of the ureters. The 

aorta was analyzed after 7 weeks of elevated BUN (blood 

urea nitrogen), and cultured aortic smooth muscle cells were 

studied.  Results:  We found enhanced vascular medial calci-

fication in S100A12tg mice subjected to CKD. Vascular calci-

fication was mediated, at least in part, by activation of the 

receptor for S100A12, RAGE (receptor for advanced glycation 

endproducts), and by enhanced oxidative stress, since inhi-

bition of NADPH-oxidase Nox1 and limited access of S100A12 
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RAGE-binding protein (EN-RAGE) or calgranulin C, as 
a proinflammatory ligand of the receptor for advanced 
glycation endproducts (RAGE)  [4] . In addition, S100A12 
and related family members of the calcium-binding EF-
hand S100 family are implicated in the regulation of a 
variety of intracellular and extracellular activities (re-
viewed in  [5] ). The importance of RAGE as a mediator of 
vascular stress  and  inflammation  in atherosclerosis  [6, 7]  
and as a mediator of diabetic nephropathy  [8, 9]  was re-
cently shown in mice that lacked RAGE.

  Several groups, including ours, have shown that 
S100A12 is upregulated in vascular smooth muscle cells 
(VSMC) under pathological conditions such as coronary 
artery plaque rupture associated with sudden cardiac 
death  [10] , in response to LPS  [11] , in VSMC with a muta-
tion in smooth muscle specific myosin heavy chain MY11 
 [11] , and in human atherosclerosis  [12] . Most important-
ly, transgenic overexpression of human S100A12 in mu-
rine vascular smooth muscle demonstrated the critical 
role for S100A12 in directly mediating enhanced produc-
tion of reactive oxidative species (ROS) and cytokine pro-
duction, leading to the formation of aortic aneurysms in 
C57BL6/J mice  [11] , and to enhanced atherosclerosis with 
intimal and medial calcification in atherosclerosis-prone 
ApoE null mice  [12] . 

  These studies strongly suggest that the observed ex-
pression of S100A12 in the human vasculature in various 
diseases is not only a marker of disease, but also a com-
mon pathway that promotes vascular damage. In addi-
tion, increased serum levels of S100A12 and related S100/
calgranulins have been found in subjects with chronic 
inflammatory diseases such as rheumatoid arthritis, 
chronic inflammatory bowel disease, diabetes and vascu-
lar disease  [13–16] . This is not surprising, given the fact 
that S100/calgranulins are endogenously expressed and 
secreted from myeloid cells  [17] , and therefore may serve 
as biomarkers for chronic inflammation. To our knowl-
edge, S100A12 has not been studied in mediating vascu-
lar disease in patients or mice with CKD, although clini-
cal studies suggest an association of S100A12 with vascu-
lar remodeling and cardiovascular mortality in patients 
with end-stage renal disease undergoing chronic hemo-
dialysis  [2, 3] .

  The present study was designed to test the hypothesis 
that S100A12 may accelerate the CKD-associated damage 
to arterial blood vessels. We exploited the fact that 
S100A12 is not present in mice  [18] , and subjected the pre-
viously generated S100A12tg/C57BL6/J (S100A12tg) mice 
and wild-type C57B6/J littermate (WT) mice to a proto-
col of renal injury. We found enhanced breakdown of 

elastic fibers and calcification of the tunica media in 
S100A12tg mice exposed to the milieu associated with 
chronic renal disease, while CKD alone did not induce 
significant vascular pathology in WT mice.

  Methods 

 Study Groups 
 C57BL6/J mice hemizygous for human S100A12 expressed

in vascular smooth muscle driven by the SM22 �  promoter and 
WT littermates not expressing the transgene were used for all 
experiments  [11] . All mice were housed at all times in specific 
pathogen-free barrier facilities and maintained on normal ro-
dent chow with free access to food and water. We induced CKD 
in 10-week-old mice using a model of reversible unilateral ure-
teral obstruction  [19] . Sham-operated mice underwent repeated 
anesthesia and laparotomy with inspection of the ureter, but 
without instrumentation to the ureter. Serum BUN (blood urea 
nitrogen) was measured and mice were subjected to elevated 
BUN for approximately 8 weeks until euthanized at the age of 20 
weeks. All procedures were carried out with the approval of the 
Institutional Animal Care and Use Committee of the University 
of Chicago.

  Tissue Preparation 
 Serial slides of the aorta were each stained with hematoxylin 

and eosin, Verhoeff-Van Giessen, Masson’s trichrome and aliza-
rin red, and elastic fiber degradation was graded on Verhoeff-Van 
Giessen-stained slides  [11] .

  Calcification nodules were counted on alizarin red-stained 
sections of a 10-mm segment of the descending thoracic aorta by 
2 blinded investigators and images acquired with a digital camera 
connected to a microscope (Zeiss) using iVision 4.0 software (Bio-
Vision Technologies).

  For quantification of mineralization, the aorta was dissected 
from 1 mm above the aortic valve to 5 mm distal from the major 
branches (inominate, right and left subclavian artery) and all tis-
sue was carefully removed from the aorta under a dissection mi-
croscope. The aorta was homogenized and the tissue was decal-
cified in 0.6 N HCl for 24 h; the calcium concentration in the su-
pernatant was determined by the  o -cresolphthalein complexone 
(Sigma Aldrich) method. The remaining tissue pellet was solubi-
lized in tissue lysis buffer (Pierce) supplemented with Triton X for 
Bio-Rad’s Protein Assay.

  Immunoblotting was performed on whole tissue lysate of a 10-
mm segment from the distal thoracic aorta lysed in tissue lysis 
buffer (Pierce) and a 20- �  protein was loaded for immunoblotting 
with anti-RAGE IgG (R&D AF1145), anti-Nox1 IgG (Santa Cruz 
No. sc10185), anti-S100A12 IgG (Abcam 37657) and anti-GAPDH 
IgG.

  Serum cholesterol and triglyceride concentration were deter-
mined using enzymatic kits (Wako Chemical). S100A12 quanti-
ties were determined in serum by double-sandwich ELISA using 
anti-S100A12 IgG (1  � g/ml Abcam 37657) followed by incubation 
with biotinylated anti-human EN-RAGE antibody (R&D). The 
lower limit of detection of S100A12 was 10 ng/ml and the intra-
assay and interassay coefficients of variation were 9 and 12%, re-
spectively. As for ROS, urine was collected from mice in the pres-
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ence of antioxidant butylated hydroxytoluene and analyzed for 
8-isoprostane by ELISA (Cayman Chemical).

  Vascular Smooth Muscle Cells 
 Primary mouse aortic VSMC were isolated under sterile con-

ditions from 8-week-old S100A12tg and WT mice  [12] . In vitro 
calcification of VSMC was induced by the addition of H 2 O 2  (0.2 
m M ) and high phosphate (2.5 m M ) to control medium (DMEM 
containing 10% FBS and antibiotics) for 7 days. Where indicated, 
soluble RAGE, the extracellular ligand-binding domain of RAGE 
(20  � g/ml, R&D), and bovine serum albumin (BSA, 20 ug/ml, 
Sigma) was added to the VSMC and repeated every 48 h. The 
transformation to calcifying cells was characterized as the ap-
pearance of nodules upon staining with alizarin red S on light 
microscopy, as well as quantified using a colorimetric alizarin 
red-based method measuring optical densitometry at 405 nm 
(Osteogenesis Assay Kit, Millipore). Where indicated, VSMC 
were transfected with shRNA-Nox1 and control shRNA (SA Bio-
science) using the lipofectamine method (Clontech). Transfected 
VSMC were selected 4 days later by FACS-sorting, employing the 
GFP-tag coexpressed in the shRNA plasmids prior qRT-PCR for 
osteoblastic gene expression  [12] .

  Statistics 
 At least 6 mice were analyzed per group. All continuous data 

were reported as means  8  SEM and discrete variables were sum-
marized by percentage. All experiments were performed in at 
least 3 replicates per group and all cell culture experiments were 
repeated 3 times. Independent sample t test and one-way analysis 
of variance were used for mean comparisons between two or mul-
tiple groups, respectively. The Bonferroni correction was used to 
adjust for multiple comparisons. Two-tailed probability values of 
p  !  0.01 were considered statistically significant for each test to 
ensure an overall study significance level of p  !  0.05. Fisher’s exact 
test was used to analyze the difference frequency of mice.

  Results 

 Induction of CKD in S100A12tg and WT Mice 
 We first investigated the development of CKD in WT 

and S100A12tg mice in response to surgically induced bi-
lateral renal injury. Mice were subjected to a previously 
developed protocol of unilateral reversible injury to the 
right kidney for 6 days, followed by a 7-day period of re-
covery before the contralateral ureter was irreversible li-
gated  [19] . As shown in  figure 1 , BUN increased approxi-
mately 2.5-fold in WT and S100A12tg mice compared to 
sham-operated mice 7 days after left ureteral obstruction 
(85  8  22, 95  8  17 and 35  8  12 mg/dl, respectively) and 
remained significantly elevated until the mice were killed 
7 weeks later. The surgery was well tolerated with less 
than 10% perioperative mortality in all groups, and the 
animals maintained normal appearance and weight for 
the duration of this study (data not shown). We then ex-
amined the impact of CKD on serum S100A12 levels. As 
expected, S100A12 was not detected in the sera of WT-
sham or WT-CKD animals, but was detectable in the se-
rum of S100A12tg mice with higher levels found in mice 
that developed CKD (10 and 45 ng/ml, respectively; p  !  
0.001). These data suggest that an inflammatory milieu 
such as CKD facilitates the release of S100A12 from 
VSMC into serum. These data are in agreement with pre-
vious findings that show secretion of S100 proteins from 
cells upon activation of protein kinase C  [17] . There was 
no  difference  in  serum cholesterol and serum triglycer-
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  Fig. 1.  Development of CKD after ureteral obstruction.  a  WT and 
S100A12tg (TG) mice had the right ureter obstructed (RUO) for 6 
days followed by the release of obstruction (RRUO), 7 days of re-
covery and then removal of contralateral kidney function by left 

ureteral obstruction (LUO). BUN levels were measured post-LUO 
to assess function of the previously obstructed kidney.  b  Serum 
S100A12 was measured in WT and S100A12tg mice at sacrifice. 
 *  p ! 0.01. 
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ide levels between S100A12tg and WT mice undergoing 
sham or CKD surgery, respectively (data not shown).

  Enhanced Vascular Calcification in S100A12tg Mice 
with CKD 
 The aorta of WT and S100A12tg mice was examined 

after 7 weeks of exposure to CKD with elevated BUN and 
in control sham mice. Overall, the architecture of the vas-
culature was mostly preserved in mice subjected to CKD 
and we did not notice any early atherosclerotic lesions 
containing macrophage foam cells.

  However, upon staining with alizarin red to detect 
mineralization and calcification, increased vascular cal-
cification in S100A12tg mice subjected to CKD was ob-
served compared to WT-CKD mice. A representative his-
tology of medial vascular calcification of an S100A12tg-
CKD animal is shown in  figure 2 a (right upper panel). In 
contrast, we found minimal vascular calcification in WT-
CKD and S100A12tg-sham, and no vascular calcification 
in WT-sham aortas after counting calcification nodules 
in a 10-mm segment of the descending thoracic aorta 
stained with alizarin red ( fig. 2 b). 

  The intravascular calcium content was further quanti-
fied by measuring calcium content in the ascending aor-
ta and arch after careful dissection with removal of all 
nonvascular tissue, and was normalized to protein con-
tent. In sham-operated mice, we found no difference in 
calcium content between WT and S100A12tg aortas. In 
WT mice undergoing surgery for CKD, we found a trend 
toward increased calcium content (1.5-fold compared to 
sham, p = 0.08) and a significant 3.7-fold increase in aor-
tic calcium content in S100A12tg mice exposed to CKD 
(p  !  0.01;  fig. 2 c). These data demonstrate that CKD pre-
disposes to vascular calcification and this process is sig-
nificantly enhanced in the presence of S100A12, render-
ing the vasculature more susceptible to CKD-mediated 
injury.

  Potential Mechanisms of S100A12-Induced 
Vasculopathy in CKD: Oxidative Stress and 
Upregulation of RAGE and Nox1 in the Aorta 
 Increased oxidative stress is a major finding in CKD. 

Our previous studies showed that some of the S100A12-
mediated vascular dysfunction is linked to increased 
ROS production in VSMC since it is attenuated by treat-
ment with NADPH-oxidase inhibitor apocynin and DPI 
 [12] . Moreover, S100A8/9 has been associated with en-
hanced oxidative stress in various mammalian cell lines 
 [20] . Therefore, to establish a role for oxidative stress in 
the S100A12tg-CKD mouse model, we measured urinary 

8-isoprostane, which serves as a marker of lipid peroxida-
tion and has been validated in several mouse models. At 
baseline, S100A12tg (sham) had slightly higher urinary 
8-isoprostane compared to WT-sham (1.3-fold increase, 
p = 0.05), and S100A12tg mice subjected to CKD had sig-
nificantly higher urinary ROS levels compared to WT-
CKD mice (2.3-fold increase, p  !  0.001;  fig. 3 a). While 
clearly many factors are involved in the initiation and 
progression of vascular disease in CKD, our findings sug-
gest that at least one mechanism by which S100A12 aug-
ments vascular calcification is by promoting oxidative 
stress that is further enhanced under conditions of im-
paired renal function.

  A pro-oxidative mechanism of S100A12 is supported 
by its ability to bind and to activate cell surface receptor 
RAGE  [4] . Shaw et al.  [21]  showed in aortic VSMC that 
induction of ROS by S100B involves at least in part the 
NAPDH oxidase system and RAGE. Since S100A12 as-
sociates with Nox1  [12] , a NADPH-oxidase in VSMC crit-
ically involved in generation of ROS, we examined the 
expression of RAGE, Nox1 and S100A12 in aortic lysate 
obtained from S100A12tg-CKD and WT-CKD mice. As 
expected, S100A12 is only present in S100A12tg aorta, but 
not in WT aorta. Both RAGE and Nox1 are expressed in 
aortic lysates from S100A12tg and WT mice exposed to 
CKD, and Nox1 is even more abundant in S100A12tg 
mice ( fig.  3 b). Interestingly, RAGE and Nox1 were less 
abundant in aortic tissue lysates of WT mice undergoing 
sham surgery (data not shown).

  Since oxidative stress  [22, 23]  and expression of 
S100A12  [11]  are associated with increased breakdown of 
vascular elastic fibers and elastin degradation accelerates 
mineralization of VSMC  [24] , we graded the elastic fiber 
breakdown in the vasculature of our four experimental 
groups. We found significantly increased elastin degra-
dation in the aorta of S100A12tg-sham and S100A12tg-
CKD mice compared to their respective WT groups 
( fig. 3 d). However, there was no strict colocalization be-
tween elastolysis and medial calcification: a representa-
tive histology in  figure 2 a (upper right panel) shows sig-
nificant medial calcification with intact elastic fibers, and 
a representative histology shown in  figure 3 c demon-
strates areas of advanced elastolysis that was free of vas-
cular calcification.

  S100A12-Induced Osteogenic Gene Expression in 
VSMC Depends on RAGE and Nox1 
 There is growing support that VSMC and myofibro-

blast-like cells, because of their phenotypic plasticity, re-
spond to various stimuli by promoting expression of 
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  Fig. 2.  Advanced medial calcification in the aorta of S100A12tg 
mice (TG) subjected to CKD ( a , upper right panel) but not in WT-
CKD mice ( a , lower right panel). The distal thoracic aorta is 
shown in 5 !  magnification stained for alizarin red (AR), and 
40 !  magnification insets show calcification upon alizarin red 

staining, and elastic fibers in black on Verhoeff-Van Giessen-
stained serial sections. Scale bars = 10  � m.  b  Quantification of 
calcification nodules seen on alizarin red-stained sections.  c  Total 
calcium content was measured in the ascending aorta and arch 
and normalized to protein content. 
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bone-regulating proteins such as alkaline phosphatase, 
osteocalcin, osteopontin, bone morphogenic proteins, 
collagen types I and II, and others. Oxidative stress is 
one of these stimuli and was shown to mediate ossifica-
tion of VSMC via activation of transcription factor 
Runx2  [25] . 

  To evaluate if enhanced medial calcification in the 
aorta of S100A12tg mice with CKD is directly linked to 
VSMC undergoing a phenotypic conversion, we studied 
cultured aortic VSMC isolated from S100A12tg and WT 
mice. VSMC that express S100A12 showed no spontane-
ous calcification on alizarin red-staining upon culture 
for 7 days in normal DMEM, and had similar morphol-
ogy to aortic VSMC from WT mice. However, when cul-

tured in osteogenic medium containing H 2 O 2  and high 
phosphate, we found increased ossification in S100A12-
VSMC with alizarin red-staining (data not shown). 

  Mineralization was quantified by measuring the in-
tracellular total calcium content; we found a 1.8-fold in-
crease in S100A12tg-VSMC mineralization compared to 
WT-VSMC ( fig.  4 a). Furthermore, a 2- to 2.5-fold in-
creased gene expression of the osteogenic factors BMP-2, 
BGLAP and Runx-2 were found in S100A12tg-VSMC 
compared to WT-VSMC ( fig. 4 b). We next examined the 
effect of ‘antioxidative’ therapy in this cell culture-based 
model of vascular ossification. To this end, we transfected 
VSMC with shRNA-Nox1 to knock down the NADPH 
oxidase subunit critical for smooth muscle ROS produc-
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tion. We found that shRNA-Nox1 abolished mineraliza-
tion ( fig.  4 c) and gene expression ( fig.  4 d) of BMP-2, 
BGLAP and Runx-2 in S100A12tg-VSMC cultured in
osteogenic medium, but had no effect in WT-VSMC. 
These data suggest that Nox1 is critically important for 
S100A12-mediated ossification of VSMC.

  Since S100A12 is released from S100A12tg-VSMC into 
the cell culture supernatant when exposed to a ‘proin-
flammatory milieu’  [11, 12]  and RAGE is expressed in 
VSMC, we examined the effect of soluble RAGE, the ex-
tracellular ligand-binding domain, for its ability to pre-
vent VSMC calcification in vitro. As shown in  figure 4 c, 

pretreatment of S100A12tg-VSMC with soluble RAGE at-
tenuated calcification by 30%, while control protein BSA 
had no effect. Importantly, pretreatment with soluble 
RAGE attenuated significantly the gene expression of 
Runx-2, BMP-2 and BLAP ( fig. 4 d). In summary, these 
data show that S100A12 promotes osteoblastic gene ex-
pression in VSMC when cultured in an ossification-stim-
ulating media containing high phosphate and H 2 O 2.  
Moreover, this effect is greatly attenuated when S100A12 
is quenched by sRAGE or when Nox1 is knocked down in 
VSMC, suggesting a critical role for RAGE and NADPH-
oxidase generated oxidative stress.
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  Fig. 4.  In vitro calcification and osteoblastic gene expression in 
cultured VSMC (harvested from the aortas of WT and S100A12tg 
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ossification medium containing H 2 O 2  and high phosphate (H 2 O 2 /
HP).  b  Quantitative reverse transcription-polymerase reaction for 
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medium. GAPDH expression was used as internal control ( *  p  !  
0.001). Effect of shRNA Nox1, shRNA control, soluble RAGE 
(sRAGE) and BSA on total calcium content (       c ) and mRNA expres-
sion ( d ) for BMP2, BGLAP and Runx2 (p            !  0.001). VSMC trans-
fected with shRNA plasmids (S100A12 and control) were selected 
by flow cytometry for GFP expression prior analysis. 
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  Discussion 

 CKD represents a multifactorial mode of injury to the 
vasculature leading to accelerated vascular disease with 
high morbidity and mortality. There is mounting evi-
dence that RAGE plays a central role in the pathogenesis 
of CKD, as well as in the initiation and propagation of 
atherosclerosis (reviewed in  [26, 27] ). In regard to CKD, 
there were two recent clinical observations linking 
S100A12, a known ligand of RAGE, to accelerated vascu-
lar disease (as measured by carotid intimal media thick-
ness)  [2]  and to increased cardiac mortality, even after 
correction for other inflammatory biomarkers such as in-
terleukin-6 and C-reactive protein  [3] . 

  The present study is the first to directly examine the 
role of S100A12 in mediating vascular disease in CKD. 
CKD was achieved by the ureteral obstruction, a widely 
used model of renal interstitial fibrosis leading to the de-
velopment and progression of CKD. By utilizing a modi-
fied model of reversible ureteral obstruction followed by 
contralateral permanent obstruction, we had a key ad-
vantage in the development of milder CKD that allows 
the animal to survive a sufficiently long enough time
to study long-term effects of CKD on the vasculature in 
living animals. Our main finding is the significantly
enhanced vascular medial calcification in CKD mice
that expressed human S100A12 in the blood vessels. In 
contrast, S100A12tg-sham mice had minimal vascular 
calcification, possibly explained by a heightened proin-
flammatory milieu induced by the repeated anesthesia 
and  laparotomy  associated  with  sham  surgery.   This   is   
in agreement with previously reported findings that 

S100A12tg mice of the same C57BL6/J strain had no or 
minimal vascular calcification when examined in 
12-month-old animals  [12] . Taken together, S100A12 is 
not sufficient to induce vascular calcification in a normal 
environment, but has this ability in a milieu such as CKD 
or the previously reported hyperlipidemic environment 
of ApoE null mice  [12] .

  Vascular calcification is a pathological condition that 
occurs in atherosclerosis and is particularly accelerated 
in patients with diabetes and/or CKD. Both diabetes and 
CKD are associated with increased adverse cardiovascu-
lar events as well as with increased serum concentration 
of S100A12  [2, 3, 15] . There are three types of vascular 
calcification: intimal calcification, medial calcification 
and valvular calcification. Specifically, calcification of 
the media usually occurs in the absence of macrophages 
and hyperlipidemia, and is thought to critically involve 
VSMC that either undergo a phenotypic switch to os-
teoblast-like cells or become senescent VSMC with an
increased procalcification phenotype  [28] . Both mech-
anisms are likely to be mediated by increased ROS pro-
duction. In addition, elastin degradation was found to 
 accelerate phosphate-induced mineralization of VSMC 
 [24] . It is interesting to note that in our mouse model we 
observed increased ROS, increased elastolysis and in-
creased vascular medial calcification. However, elastoly-
sis and calcification did not occur necessarily at the same 
area within the vasculature.

  In addition, our experiments with cultured VSMC 
showed clearly that the S100A12-mediated calcification 
process depends on the generation of oxidative stress, 
likely through pathways involving RAGE and NADPH-
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  Fig. 5.  Principle of S100A12-induced ROS 
in VSMC. S100A12 (red circle in cartoon, 
online version only) binds and activates 
RAGE to promote oxidative stress, includ-
ing translocation of regulatory subunit 
Rac1 to associate with Nox. S100A12 binds 
to NADPH-oxidase Nox1 either directly 
or via binding proteins, as shown recently 
by our group  [12] , and the generated ROS 
promotes VSMC dysfunction, including 
osteoblastic differentiation. We speculate 
that S100A12 may act similarly in VSMC 
to its homolog S100A8/9 in phagocytes 
where it activates p67 phox  upon sensing 
bacteria or other danger molecules result-
ing in electron transfer from NADPH to 
molecular oxygen, and thereby generates a 
respiratory burst to destroy bacteria  [30] .                                       
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oxidase Nox1. S100A12 and related S100A8/9 are linked 
to the generation of ROS. In this regard it is interesting to 
note that S100A12 constitutes 2–5% of neutrophilic cyto-
solic protein and has been linked to antimicrobial and 
antiparasitic activity  [29] , although the mechanism is not 
fully understood. Most relevantly, S100A8/9, two other 
members of the S100-family with high structural and 
functional homology to S100A12, have been shown to in-
teract with p67 phox  to activate Nox2/gp91 phox  in phago-
cytes resulting in ROS production also known as respira-
tory burst  [30] . We speculate that S100A12 may have a 
similar ability to activate NADPH in VSMC ( fig. 5 ) since 
we previously showed that S100A12 immunoprecipitates 
with Nox1 in VSMC  [12] . 

  The data presented here demonstrate that S100A12 ac-
tivates an osteoblastic gene profile in VSMC in a Nox1-
dependent manner, since knockdown of Nox1 prevented 
gene expression for Runx2, BMP2 and BGLAP. Nox1 is 
upregulated in VSMC in response to many stimuli, in-
cluding advanced glycation endproducts  [31]  and angio-
tensin    II     [32] .    Nox1   activation   is   regulated   by   cytosol-
ic cofactors, including Rac1 guanosine triphosphates
(GTPases) to induce translocation of Nox organizer 1 
(analog to p47 phox ), and Nox activator 1 (analog to p67 phox ) 
from the cytosol to the membrane-bound Nox1  [33] . In-
terestingly, blocking antibody to p47 phox  was previously 
shown to block S100B-induced phosphorylation of Janus 
kinase 2 in VSMC, suggesting that p47 phox /(Nox orga-
nizer 1)-mediated signaling is critical for S100B-induced 
oxidative stress in VSMC  [21] . Moreover, activation of 
RAGE by it ligands leads to activation of Rac1 with sev-
eral downstream effects, including activation of NADPH 
and enhanced oxidative stress  [34, 35] .

  In conclusion, mice exposed to surgically induced 
CKD develop accelerated vascular medial calcification 

when human S100A12 is expressed in vascular smooth 
muscle in genetically manipulated mice. Our findings of 
enhanced oxidative stress, and increased expression of 
osteoblastic genes in VSMC in a RAGE- and NADPH-
dependent manner may explain, at least in part, the as-
sociation of elevated S100A12 in hemodialysis patients 
with increased cardiovascular mortality which was re-
ported in a recent clinical observational study  [3] . Fur-
thermore, the mRNA level of S100A12 in peripheral 
blood cells was a strong predictor of obstructive coronary 
artery disease in a multicenter validation study involving 
526 nondiabetic patients with angiographic-proven
obstructive coronary artery disease  [36] , suggesting a 
broader role for S100A12 in mediating vascular disease 
that is not limited to patients with end-stage renal disease 
treated with hemodialysis.
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