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Abstract

Objective: Vascular calcification is a cardiovascular risk factor and accelerated in diabetes. 

Previous work has established a role for calcification-prone extracellular vesicles (EVs) in 

promoting vascular calcification. However, the mechanisms by which diabetes provokes 

cardiovascular events remain incompletely understood. Our goal was to identify that increased 

S100A9 promotes the release of calcification-prone EVs from human macrophages in diabetes.

Approach and Results: Human primary macrophages exposed to high glucose (25mmol/L) 

increased S100A9 secretion and the expression of receptor for advanced glycation end products 
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(RAGE) protein. Recombinant S100A9 induced the expression of pro-inflammatory and 

osteogenic factors, as well as the number of EVs with high calcific potential (alkaline phosphatase 

activity, p<0.001) in macrophages. Treatment with a RAGE antagonist or silencing with S100A9 

siRNA in macrophages abolished these responses, suggesting that stimulation of the S100A9-

RAGE axis by hyperglycemia favors a pro-calcific environment. We further showed that an 

imbalance between nuclear factor-2 erythroid related factor-2 (Nrf2) and NF-κB pathways 

contributes to macrophage activation and promotes a pro-calcific environment. In addition, 

streptozotocin-induced diabetic Apoe−/−S100a9−/− mice and mice treated with S100a9 siRNA 

encapsulated in macrophage-targeted lipid nanoparticles (LNPs) showed decreased inflammation 

and microcalcification in atherosclerotic plaques, as gauged by molecular imaging and 

comprehensive histological analysis. In human carotid plaques, comparative proteomics in diabetic 

patients and histological analysis showed that the S100A9-RAGE axis associates with osteogenic 

activity and the formation of microcalcification.

Conclusions: Under hyperglycemic conditions, macrophages release calcific EVs through 

mechanisms involving the S100A9-RAGE axis, thus contributing to the formation of 

microcalcification within plaques.
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Introduction

Cardiovascular diseases (CVD) are a leading cause of death in the Western world1, and the 

majority of fatal myocardial infarctions result from rupture of atherosclerotic plaques. 

Patients with diabetes, an independent risk factor for CVD, have accelerated vascular 

calcification and plaque progression, coupled with an increased risk of cardiovascular 

diseases, including death, myocardial infarction, and stroke2. Despite the vast clinical 

burden, mechanisms by which diabetes provokes cardiovascular events remain incompletely 

understood.

Coronary artery calcification (CAC) predicts acute cardiovascular events. Cardiovascular 

risk increases with CAC score and correlates inversely with calcification density3,4. 

Microcalcification, a process involving the formation of early calcium deposits in close 

proximity that are aligned along the axis of the cap, can increase the local tissue stresses 

more than a factor of five in the tissue space between the microcalcifications and trigger 

fibrous cap rupture, as assessed by computational modeling and high-resolution 

imaging5,6,7.

In the pro-inflammatory milieu, smooth muscle cells (SMCs) undergo phenotypic 

modulation into osteoblast-like cells through the induction of specific signaling pathways8,9. 

We previously reported that SMC-derived extracellular vesicles (EVs) initiate 

microcalcification in atherosclerotic plaques7. However, vulnerable plaques containing 

microcalcifications tend to have more macrophages and less SMCs than stable plaques. In 

addition, our molecular imaging studies showed co-localization of macrophages and 

microcalcification; thereby, suggesting a direct role of macrophages in calcification10. While 

the role of SMC-derived EVs in microcalcification is well-established7,11,12, macrophage-

derived calcified EVs remain under-explored.

S100A9, a calcium-binding protein and also referred to as myeloid-related protein-14 

(MRP-14), was identified as a biomarker for acute cardiovascular events13. S100A9 

mediates macrophage recruitment to atheroma14, and macrophages contain higher levels of 

S100A9 in type 1 diabetes15. Moreover, the S100 family associates with vascular 

calcification, and human atheroma contains S100A9-positive EVs16,17. Previous studies 

demonstrated that multiple members of the S100 family, including S100A9, signal through 

the receptor for advanced glycation end products (RAGE)18, 19.

Our present in vitro and in vivo studies demonstrate that when exposed to high glucose, pro-

inflammatory macrophages release calcific EVs, resulting in the excessive formation of 

atherosclerotic microcalcification via the S100A9-RAGE axis.
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Materials and Methods

Detailed methods of all procedures are provided in the online-only Data Supplement. The 

data, analytic methods, and study materials will be made available to other researchers upon 

request for purposes of reproducing the results or replicating the procedures. Requests can 

be made to the corresponding author who manages the information.

Culture and stimulation of human primary macrophages

Human peripheral blood mononuclear cells (PBMC) cultured with 5% non-depleted human 

serum underwent differentiation into macrophages in vitro. PBMC were isolated from the 

buffy coat derived from de-identified healthy donors (Research Blood Components, LLC., 

Boston, MA). The company recruited donors under a New England Institutional Review 

Board-approved protocol for the Collection of White Blood for Research Purposes 

(NEIRB#04–144). We had no access to the information about donors. Confluent 

macrophages were starved for 24 hours in 0.1% human serum media with 5mM D-glucose 

(normal glucose condition) or 25mM D-glucose (high glucose condition), and endotoxin-

free recombinant human S100A9 (R&D Systems Inc., Minneapolis, MN) was used to 

stimulate human primary macrophages or the human macrophage-like cell line THP-1 cells.

Isolation and quantification of EVs from human primary macrophages

Culture medium (0.1% EV-depleted human serum) conditioned by PBMC for 24 hours 

underwent centrifugation at 1,000 g for 5 minutes to remove cell debris. The EV fraction 

was harvested from the media by ultracentrifugation at 100,000 g for 40 minutes at 4°C 

(Optima Max Ultracentrifuge, Beckman Coulter). Nanoparticle Tracking Analysis using a 

Nanosight LM10 measured EVs between 30–300 nm. For protein isolation and alkaline 

phosphatase (ALP) activity, EVs were washed with PBS followed by another 

ultracentrifugation at 100,000 g for 40 minutes at 4°C.

Animal procedures

All animal experiments were approved by the Brigham and Women’s Hospital’s Animal 

Welfare Assurance (protocol 2016N000178). All mice had a congenic C57BL/6J 

background and consumed a high-fat, high-cholesterol diet (HCD) (1.25% cholesterol, 

D12108C, Research Diets, Inc., New Brunswick, NJ, USA). “The data from both male and 

female mice were pooled in this study due to the limited sample size in female mice.” To 

induce hyperglycemia in mice, 42 mg/kg streptozotocin (STZ; Sigma-Aldrich) was injected 

intraperitoneally for 5 consecutive days. Blood glucose was measured in the beginning and 

every week after STZ injection with the OneTouch glucometer (Contour, Bayer HealthCare, 

Mishawaka, IN), and the mice with blood glucose more than 300 mg/dL were considered to 

have diabetes. For in vivo silencing experiments, S100a9 siRNA and control siRNA were 

encapsulated in macrophage-targeted C12–200 lipid nanoparticles, as previously 

described20,21, and injected via tail vein (0.5 mg/kg twice a week) in Apoe−/− mice. At the 

end of the experiments, all mice were imaged with intra-vital microscopy (IVM). Aortas 

then were isolated and imaged using fluorescent reflection imaging (FRI; Kodak). For 

histology, samples (aortic roots, aortic arches, and pancreas) were embedded in OCT 

compound (VWR) and stored at −80℃ until use.
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Human studies

Proteomics of human carotid plaque specimens involved label-free proteomics sample 

preparation and liquid chromatography tandem mass spectrometry (LC- MS/MS) by the 

Orbitrap Fusion Lumos (Thermo Scientific). Carotid plaque specimens were obtained from 

patients undergoing carotid endarterectomy procedures approved by the ethics boards of 

Brigham and Women’s Hospital, the University of Saskatchewan, Regina Qu’Appelle 

Health Region, and the University of Regina (protocol# REB-13–115). All patients gave 

written informed consent to participate. For immunohistochemistry and 

immunofluorescence experiments, specimens of discarded human carotid plaques (n=25) 

were obtained at endarterectomy by protocols approved by the Human Investigation Review 

Committee at the Brigham and Women’s Hospital.

Statistics

Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software). The 

unpaired Student’s t-test was used for comparisons between two groups, or one-way 

ANOVA followed by Bonferroni post-hoc test or two-way ANOVA followed by the 

Bonferroni test was used for comparisons of multiple groups. All data are expressed as mean 

± SEM for continuous variables. Data have been analyzed for normality and equal variance 

as a justification for utilizing parametric or nonparametric analyses using Prism software. P 

values of <0.05 were considered statistically significant.

Results

S100A9-RAGE axis regulates macrophage activation in human primary macrophages 
subjected to high glucose

Although a few studies suggested that monocytes/macrophages secrete high levels of 

S100A9 in mice with type 1 diabetes15,22, the mechanisms of its action, particularly in 

human macrophages, has not been demonstrated. This study used human primary 

macrophages isolated from peripheral blood mononuclear cells (PBMC) in most in vitro 
experiments (n=40 PBMC donors), unless otherwise stated. To examine whether high 

glucose induces S100A9, we cultured macrophages with various concentrations of glucose 

(5, 15, and 25 mmol/L), and performed real-time qPCR analysis at 6 hours after glucose 

exposure. The mRNA levels of S100A9 increased in a concentration-dependent manner 

(Supplemental Figure Ia), and high glucose (25 mmol/L) significantly elevated the mRNA 

levels of S100A9 as compared to normal glucose (5 mmol/L; p<0.0001) (Figure 1A, left 

panel). This increase was not seen in an isoosmotic control (mannitol) (Supplemental Figure 

Ib). High glucose condition enhanced S100A9 protein expression in macrophages as 

compared to normal glucose condition (Western blot analysis; Figure 1A, right panel). High 

glucose promoted macrophage secretion of S100A9 into the media more than normal 

glucose (ELISA; 638.6±77.9 pg/mL vs 497.8±61.0 pg/mL; p<0.001) (Figure 1B), as a 

similar increased secretion of the S100A8/A9 heterodimer (1977.3±282.2 pg/mL vs 

1154.4±147.3 pg/mL; p<0.001) (Supplemental Figure Ic).

To evaluate the effects of S100A9 on macrophage activation, differentiated macrophages 

from human PBMCs were treated with various concentrations of endotoxin-free 
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recombinant human S100A9 (5, 10, 50, and 100 ng/mL). After 6 hours, the mRNA levels of 

pro-inflammatory factors IL-1β, TNF-α, and MCP-1 were analyzed. S100A9 (10 ng/mL) 

significantly increased pro-inflammatory factors, to the same extent as 50 and 100 ng/mL 

(Supplemental Figure IIa). Therefore, we treated the macrophages with recombinant human 

S100A9 at 10 ng/mL in subsequent experiments. The combination of high glucose and 

recombinant human S100A9 further elevated mRNA expression of pro-inflammatory IL-1β, 

TNF-α, and MCP-1; whereas, the anti-inflammatory mediators IL-10 and MRC1 decreased 

(Figure 1C). Furthermore, stimulation with heat-inactivated rhS100A9 (10ng/ml) under 

normal glucose condition did not show any changes in the mRNA levels of pro-

inflammatory IL-1β, TNF-α, and MCP-1 (Supplemental Figure III a), and the anti-

inflammatory factors IL-10 and MRC1, demonstrating that the effect is not driven by 

endotoxin contamination (Supplemental Figure III b). S100A9 also exists as a heterodimer 

with S100A8 (S100A8/A9)23. The effects that S100A8/A9 has on macrophage activation 

were evaluated utilizing treatment with rhS100A8/A9 (1 μg/ml), which increased IL-1β and 

TNF-α (Supplemental Figure IV a). These results suggest that the heterodimer has the 

potential to induce a downstream effect. Our loss-of-function experiments sought to 

establish whether S100A9 plays a causal role in pro-inflammatory macrophage activation. 

Silencing macrophages with siS100A9 achieved up to 50% reduction of S100A9 mRNA 

expression (Supplemental Figure IIb), and reduced mRNA expression of pro-inflammatory 

IL-1β, TNF-α, and MCP-1 when exposed to high glucose (Figure 1D).

The RAGE axis was investigated to determine what mediates S100A9-induced macrophage 

activation. RAGE is a key player, as it can modulate innate immunity and inflammatory 

processes, and S100A9 binds to RAGE18,19. Macrophages stimulated with high glucose and 

recombinant human S100A9 showed a significant increase in RAGE mRNA and protein 

(Figure 1E). To test the involvement of RAGE in S100A9-induced macrophage activation, 

cells were pretreated with FPS-ZM1 (a high affinity RAGE-specific inhibitor; 10 μg/mL) for 

1 hour before stimulation. FPS-ZM1 significantly suppressed the mRNA levels of pro-

inflammatory IL-1β, TNF-α, and MCP-1; whereas, the anti-inflammatory factors, IL-10 and 

MRC1, significantly increased in that condition (Figure 1F). The pro-inflammatory effects 

that AGE-BSA (100μM), another RAGE activator, has on macrophages under normal 

glucose condition were evaluated to determine if there was a comparable effect on the 

RAGE axis. Stimulation with AGE-BSA increased the mRNA levels of the pro-

inflammatory genes, IL-1β, TNF-α, and MCP-1 (Supplemental Figure V a), and tended to 

decrease the mRNA levels of anti-inflammatory MRC1 (Supplemental Figure V b). This 

further demonstrates that RAGE activation induces pro-inflammatory responses in 

macrophages.

High glucose accelerates S100A9-mediated release and calcific potential of macrophage-
derived EVs in vitro

To determine that S100A9 promotes EV release from pro-inflammatory macrophages and 

their calcific potential in diabetes, nanoparticle tracking analysis (NTA) that can measure EV 

numbers and size was utilized. NTA revealed that EV secretion from macrophages treated 

with high glucose and recombinant human S100A9 for 24 hours is markedly higher, but 

their size distribution did not differ (Figure 2A). An investigation into the role of S100A9-
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RAGE axis on EV secretion and calcific potential followed. Silencing with siS100A9 and 

addition of RAGE inhibitor (FPS-ZM1; 10 μg/mL) reduced EV secretion in macrophages 

exposed to high glucose and recombinant human S100A9 (Figures 2B and 2C). Western blot 

analysis of EVs isolated from macrophages stimulated with high glucose and recombinant 

human S100A9 showed enhanced S100A9 signals when compared to a normal glucose 

condition (Figure 2D and Supplemental Figure IIc). Of note, high glucose and recombinant 

human S100A9 increased ALP activity in EVs (Figure 2E), suggesting that the loading of 

S100A9 into the EVs promotes their calcific potential as we previously revealed7.

To understand how macrophages promote EV calcification, we first examined whether high 

glucose induces the osteogenic factors in these inflammatory cells. Macrophages stimulated 

with high glucose and recombinant human S100A9 showed increased mRNA expression of 

osteogenic BMP2, BMP4, ALP, Runx2, osteopontin, and osteocalcin (Figure 2F). Similar to 

pro-inflammatory effects, these osteogenic responses were not shown when treating human 

PBMCs with heat-inactivated rhS100A9 under NG condition (Supplemental Figure IIIc). 

These effects were then inhibited with siS100A9 treatment or RAGE inhibition by FPS-ZM1 

(10 μg/mL) (Figures 2G and 2H). Additionally, the osteogenic effects that rhS100A8/A9 

have on macrophages was assessed. Stimulation with high glucose and rhS100A8/A9 did 

not have a significant effect on the mRNA levels of the osteogenic factors, except for Runx2 

(Supplemental Figure IV b), supporting previous findings where the S100A9 homodimer 

showed to have a greater binding affinity to RAGE than the S100A8/A9 heterodimer23. 

Furthermore, the effect that AGE-BSA has on vesicle secretion and osteogenic gene 

expression was investigated. Treatment with AGE-BSA under normal glucose condition 

increased vesicle secretion (Supplemental Figure V c); however, it did not have an effect on 

the mRNA levels of the osteogenic genes, BMP2, BMP4, ALP, Runx2, osteopontin, and 

osteocalcin (Supplemental Figure V d). These results suggest that the S100A9-RAGE axis 

has the potential to mediate osteogenic responses in macrophages; thereby, triggering the 

release of EVs with high calcific potential.

High glucose contributes to imbalance of Nrf2 and NF-κB pathways and increases 
macrophage activation

Next, we explored mechanisms that link high glucose and S100A9 to its downstream pro-

inflammatory and pro-osteogenic responses. We investigated Nrf2 and NF-κB as potential 

regulators of macrophage activation by high glucose and S100A9. It has been demonstrated 

that coordination of Nrf2 and NF-κB favors redox homeostasis in healthy cells24. 

Hyperglycemia, however, triggers Nrf2-NF-κB imbalance, and enhanced NF-κB signaling 

results in excess production of pro-inflammatory cytokines24. S100A9 induces the secretion 

of pro-inflammatory cytokines in monocytes/macrophages via the NF-kB pathway. We first 

examined the activation of NF-κB pathway in the human monocyte cell line, THP-1. 

Western blot analysis indicated that high glucose induces Ser536 phosphorylation of p65 

within 60 minutes, and recombinant human S100A9 increases Ser536 phosphorylation of p65 

within 15 minutes (Figure 3A). Ser536 of the p65 subunit represents the site most subject to 

inducible phosphorylation in response to inflammatory stimuli25. We then examined whether 

high glucose and S100A9 activate the Nrf2 signaling. The transcription factor Nrf2 can limit 

inflammatory responses. High glucose and S100A9 significantly decreased nuclear Nrf2 
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from THP-1 cells (Figure 3B). We also tested the mRNA expression of the Nrf2-dependent 

antioxidant enzymes, hemeoxygenase-1 (HO-1) and NADPH quinone oxidoreductase 

(NQO1), which associate with anti-inflammatory properties26,27. HO-1 and NQO1 mRNA 

levels decreased in macrophages stimulated with high glucose and S100A9 (Figure 3B). 

These data indicate that high glucose and S100A9 promote disturbance of Nrf2 and NF-κB 

pathways.

Activation of Nrf2 signaling by VSC2 inhibits macrophage activation when treated with 
high glucose and S100A9

The vinyl sulfone compound, VSC2, previously shown to activate the Nrf2 signaling 

pathway28, was used to determine whether the crosstalk between Nrf2 and NF-κB pathways 

mediates the pro-inflammatory effects of high glucose and S100A9. Western blot analysis 

indicated that treatment with VSC2 (10μM) decreases Ser536 phosphorylation of p65 in 

macrophages stimulated with high glucose and S100A9 (Figure 3C). Furthermore, mRNA 

levels of HO-1 and NQO1 in macrophages and nuclear Nrf2 in THP-1 cells were 

significantly increased by VSC2 in this pro-diabetic condition (Figure 3D). The mRNA 

levels of the antioxidant genes, PRDX1, GCLC, and SOD1, increased by VSC2, providing 

further evidence that VSC2 is related to redox state (Supplemental figure VI a). These 

results indicate that VSC2 may reset the imbalance of Nrf2 and NF-κB pathways through 

activation of the Nrf2, thereby suppressing NF-κB signaling.

We then examined the role of VSC2 on mediators and modulators of inflammation. VSC2 

decreased mRNA expression of the pro-inflammatory cytokines IL-1β, TNF-α, and MCP-1; 

whereas, the anti-inflammatory factors, IL-10 and MRC1, increased in macrophages 

stimulated with high glucose and S100A9 (Figure 3E).

We further explored other potential effects of Nrf2 signaling. Activation of Nrf2 may 

decrease vascular calcification29. We thus examined whether VSC2 inhibits the induction of 

osteogenic factors in high glucose-S100A9 stimulated human primary macrophages. VSC2 

inhibited the effects of high glucose and S100A9 on the mRNA expression of pro-osteogenic 

BMP2, BMP4, ALP, Runx2, osteopontin, and osteocalcin (Figure 3G). Likewise, in EVs 

derived from high glucose-S100A9 stimulated macrophages, VSC2 treatment substantially 

suppressed EV secretion (Figure 3F), resulting in decreased ALP activity (Figure 3H). 

Additionally, it decreased the mRNA levels of the osteogenic factors BMP4, ALP, and 

osteopontin (Supplemental Figure VIIa). These results suggest that imbalance of the Nrf2 

and NF-κB pathways, induced by high glucose and S100A9, may foster a pro-inflammatory 

and pro-osteogenic milieu in macrophages.

Diabetic mice have accelerate inflammation and calcification in atherosclerotic lesions

To examine the effect of diabetes on atherosclerotic lesion formation, Apoe−/− mice were 

injected with streptozotocin (STZ) and fed a HCD for 8 weeks. Both male and female mice 

were used (n=10 per group). Diabetic mice showed a significant increase in blood glucose 

and decrease in body weight, as compared to non-diabetic controls (Supplemental Figure 

VIIIa). Additionally, a decrease in the size of Langerhans islet cells were seen in STZ-

induced pancreas cells (Supplemental figure VIIIb). Atherosclerotic lesions were evaluated 
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in the aortic arch and brachiocephalic artery (BCA), an artery prone to developing advanced 

lesions30. In diabetic mice, von Kossa staining revealed extensive calcified lesions in lesser 

curvature of the aortic arch and BCA (Figure 4A). Moreover, a near-infrared fluorescent 

(NIRF) calcium tracer showed a significant increase in microcalcifications (yellow arrows) 

trapped within the plaque and fibrous cap of diabetic Apoe−/− mice compared to those of 

non-diabetic mice (Figure 4B). These results suggest that diabetes accelerates vascular 

microcalcification and formation of rupture-prone lesions in Apoe−/− mice.

Systemic S100A9 deficiency attenuates calcific potential in atherosclerotic plaques in 
diabetic mice

We then examined the effects of systemic deleting S100A9 in diabetic Apoe−/− mice 

consuming a HCD for 8 weeks. Apoe+/+S100a9+/+, Apoe−/− S100a9+/+, and Apoe
−/−S100a9−/− mice were randomly assigned to diabetic and non-diabetic groups (n=6–10 per 

group). Animals were co-injected with two spectrally different molecular imaging agents: 

OsteoSense750 for osteogenic activity, indicating calcification/microcalcification and 

ProSense680 for proteolytic activity, indicating inflammation. Ex vivo NIRF molecular 

imaging assessed the effects of S100A9 deficiency on macrophage and osteogenic activity in 

the aorta of diabetic mice. In diabetes, Apoe−/−S100a9−/−double knockout (DKO) mice 

exhibited reduced calcification and inflammation when compared with Apoe+/+S100a9+/+ 

and Apoe−/−S100a9+/+ littermates, as demonstrated by quantitative fluorescence reflectance 

imaging (FRI) (Figure 4C). These results indicated that suppression of S100A9 attenuates 

vascular calcification and inflammation in atherosclerotic plaques of diabetic mice.

Macrophage-targeted S100A9 silencing inhibits calcification in atherosclerotic plaques of 
diabetic mice

While systemic S100A9-deficient mice provide important evidence that S100A9 deletion 

reduces calcification, the relative contribution of macrophage-derived S100A9 remains 

unknown. S100a9 siRNA was encapsulated in macrophage-targeted lipid nanoparticles C12–

200. The efficacy of this method on in vivo siRNA delivery to macrophages was extensively 

validated31. A single injection of 0.5 mg/kg C12–200-siS100a9 achieved a 91% reduction of 

S100A9 mRNA in splenic macrophages within 72 hours (Figure 5A). To validate the 

selectivity of S100A9 silencing to macrophage in vivo, we administered 0.5 mg/kg C12–

200-siS100a9 twice during a period of 18 weeks after initiation of HCD. Fluorescent in situ 
hybridization demonstrated that plaque macrophages elaborated S100A9 mRNA signal in 

control mice, while few cells were positive in C12–200-siS100a9 mice (Figure 5A).

S100a9 siRNA or control siRNA encapsulated in C12–200 were then injected at 0.5 mg/kg, 

twice a week, for 8 weeks after STZ-injection, in diabetic and non-diabetic Apoe−/− both 

male and female mice (n=13–18 per group). S100a9 siRNA effectively reduced the protein 

production in splenic macrophage, and aortic lesions (Figure 5B and Supplemental Figure 

IXa). C12–200-siS100a9 reduced mRNA expression of IL-1β and TNF-α in splenic 

macrophages (Figure 5B), consistent with a statistically significant reduction of macrophage 

accumulation in aortic atherosclerotic plaques from diabetic Apoe−/− mice detected by Mac3 

(Supplemental Figure IXb). In addition, C12–200-siS100a9 also reduced mRNA expression 

of pro-osteogenic factors, BMP4 and ALP in splenic macrophages from diabetic Apoe−/− 
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mice (Figure 5B). In diabetic mouse plaques C12–200-siS100a9 reduced ALP activity, 

consistent with the reduction of calcification detected by von Kossa staining (Figure 5C and 

Supplemental Figure IXc).

Furthermore, NIRF intravital microscopy revealed that C12–200-siS100a9 reduced 

calcification burden and formation of microcalcifications (Osteosense750) and inflammation 

(Prosense680) in carotid arteries of diabetic Apoe−/− mice (Figure 5D and Supplemental 

Figure IXd). Ex vivo FRI of excised aortas showed decreased osteogenic activity in C12–

200-siS100a9 treated mice, as compared with untreated diabetic mice (Figure 5E and 

Supplemental Figure IXe). In addition, 3D micro-CT scanning of aorta showed decreased 

microcalcification in C12–200-siS100a9 treated mice, consistent with the results of von 

Kossa staining (Figure 5F). Of note, serum biochemical measurements including renal 

function, lipid, and cations did not differ between the mice treated C12–200-siS100a9 or 

C12–200-control siRNA (Supplemental Table 1). These results indicate that macrophage-

derived S100A9 indeed accelerates calcific potential in atherosclerotic plaques in diabetic 

mice, which results from a series of events involving the initiation of microcalcifications and 

subsequent formation of large calcification areas.

Increased S100A9 in macrophages in calcified human atheroma

We evaluated the association of S100A9 and calcification with RAGE and AGE, key 

molecules associated with diabetes32 in human carotid endarterectomy specimens (n=25) 

stained with anti-S100A9, anti-RAGE and anti-AGE antibodies. The plaques were divided 

into two groups, including low- (less than 50% mean) and high- (more than 50% mean) 

positive expression area. Groups with a high expression of S100A9 and AGE tended to have 

more RAGE staining than plaque groups with low S100A9 and AGE expression 

(Supplemental Figure Xa). In addition, S100A9 percent positive area colocalized with ALP 

activity and RAGE (Figure 6A). Macrophage (CD68) and smooth muscle cell (α-SMA) 

content did not differ among these groups, indicating lack of change in plaque cellular 

composition (Supplemental Figure Xb). Furthermore, S100A9 expression colocalized with 

RAGE- and ALP-positive cells, as demonstrated by immunofluorescence (Figure 6B). Prior 

studies identified S100A9-positive EVs were in human calcified plaques17. Consistent with 

these reports, electron microscopy–based immunogold staining detected S100A9 in calcified 

EVs of human atheroma (Figure 6C). These results indicate that S100A9-RAGE axis 

associates with osteogenic activity and the formation of microcalcification in human 

plaques.

Furthermore, we took a proteomics approach to assess S100A9 levels in carotid plaque 

specimens obtained from diabetic (n = 4) and non-diabetic patients (n = 4) undergoing 

carotid endarterectomy for stroke prevention. We quantified 984 proteins of which 76 

proteins either increased (33 proteins) or decreased (43 proteins) 2-fold between diabetic 

and non-diabetic patient groups (Supplemental Table 2). S100A9 was enriched in the 

diabetic patient group compared with the non-diabetic patient group, as was S100A8 (Figure 

6D). The proteomics data confirm the increased association of S100A9 in atherosclerotic 

plaques isolated from diabetic versus non-diabetic patients.
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Discussion

This study provides both in vitro and in vivo evidence that diabetes promotes pro-

inflammatory and osteogenic activity in macrophages via a mechanism mediated by the 

S100A9-RAGE axis. These findings further implicate macrophage-mediated EV 

microcalcification in the development of atherosclerosis in the context of diabetes. The key 

results demonstrate that (1) S100A9 in the presence of high glucose induces pro-

inflammatory and osteogenic activity in human primary macrophages via S100A9-RAGE 

signaling; (2) S100A9, in the presence of high glucose, promotes the release of calcific EVs 

from activated human primary macrophages; (3) macrophage-derived EVs are enriched in 

S100A9; (4) the crosstalk between the Nrf2 and NF-κB pathways contributes to the 

underlying mechanisms of macrophage activation in a pro-calcific environment; (5) diabetic 

Apoe−/− mice lacking S100A9 and mice treated with macrophage-targeted lipid 

nanoparticles encapsulating S100a9 siRNA develop less arterial calcification/

microcalcification consistent with the decrease of inflammation, as gauged by micro-CT, 

molecular imaging, and histological analyses; and (6) in diabetic patients, high levels of 

S100A9 were detected by proteomics and colocalized with ALP activity and RAGE by 

immunostaining. These findings point to macrophage S100A9 as a key regulator of vascular 

calcification in diabetes.

Arterial calcification is a prominent risk marker and a common concomitant of diabetes, 

chronic kidney disease, and aging33. Patients with diabetic nephropathy are particularly 

prone to vascular calcification34. Arterial calcification in diabetes associates with high 

cardiovascular mortality, future coronary heart disease events, stroke and amputation35,36. In 

patients with chronic kidney disease, increased levels of calcium and inorganic phosphate 

promote osteogenic differentiation of vascular smooth muscle cells36. Patients with diabetes 

have more coronary artery calcification than non-diabetic individuals, even in the initial 

stages of renal impairment34. The present study demonstrated that hyperglycemia induces 

vascular calcification not via increased levels of calcium and phosphate, but rather at least 

partially through a direct action of glucose on macrophages and subsequent activation of the 

S100A9-RAGE axis.

We previously reported that calcification links with inflammation in early 

atherosclerosis37,38. Macrophages play a central role in atherogenesis and may accelerate 

cardiovascular disease in diabetes39. Histopathology evaluation of coronary atherectomy 

specimens demonstrated that patients with diabetes exhibit a greater area occupied by 

macrophages and higher prevalence of thrombosis, and increased S100 family promote 

damaging features in the plaque39,40. The present study from both mice and humans 

demonstrated that macrophages associate with the pro-inflammatory and pro-thrombotic 

mediator S100A9.

This study further revealed that the S100A9-RAGE axis promotes not only pro-

inflammatory functions of macrophages, but also their pro-calcific pathways when exposed 

to high glucose shown by increased levels of common osteogenic factors, including 

osteocalcin, osteopontin, BMP2/4, ALP and Runx2. Accumulating evidence suggests that 

hyperglycemia-dependent overproduction of mitochondrial superoxide results in NF-κB 

Kawakami et al. Page 11

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activation41, and the NF-kB pathway induces the expression of S100A942. Furthermore, 

under conditions of high glucose, advanced glycation end products (AGEs), including 

S100A9, are formed. The binding of AGEs to RAGE also activates NF-kB via the mitogen-

activated protein (MAP) kinase-signaling pathway43. NF-kB induces expression of RAGE, 

which assembles on the cell surface43. Thus, S100A9 binding to RAGE activates the NF-kB 

pathway, resulting in the induction of a positive feedback loop44. While macrophages 

themselves do not calcify, they release calcific EVs that instigate local calcification. We 

previously proposed that EVs participate actively in both the initiation and progression of 

microcalcification45. We also demonstrated that S100A9 nucleates microcalcifications 

derived from mouse RAW264.7 cell EVs46. Consistent with previous observations, we 

showed that high glucose accelerates the release of EVs enriched in S100A9 and ALP 

activity from human primary macrophages, supporting the contribution of macrophage-

derived EVs to the formation of microcalcifications implicated in plaque destabilization.

The molecular mechanisms by which S100A9 in macrophages promote arterial calcification 

in diabetes are unknown. Our results demonstrate that decreased Nrf2 activation, in tandem 

with increased NF-κB activation in macrophages, contributes to the augmented osteogenic 

phenotype in the setting of diabetes. Nrf2 inhibits osteoblastogenesis by interfering with 

RUNX2-dependent transcriptional activation29,47. In normal conditions, the balance between 

Nrf2 and NF-κB maintains redox homeostasis, an equilibrium subject to disturbance in 

disease24. The Nrf2 pathway inhibits the activation of the NF-κB signaling by amplifying 

antioxidant defenses, such as HO-1 expression, neutralizing ROS and inhibiting ROS-

mediated NF-κB activation48. On the other hand, NF-κB can respond to the cellular redox 

status since a reducing environment prevents its activation; whereas, oxidative/nitrosative 

stress promotes phosphorylation and degradation of IκB49. Cells overexpressing NF-κB 

express less HO-1 and thus NF-κB activation represses Nrf2 transcriptional activity24. 

S100A9 can induce the secretion of pro-inflammatory cytokines through mechanisms 

dependent on ROS production and the activation of ROS-sensitive transcription factors, such 

as NF-kB50. Moreover, hyperglycemia itself also elevates oxidative stress by increasing 

citric acid cycle flux41, activating NF-kB. These functions of NF-kB thus perturb the Nrf2 

and NF-kB pathways, resulting in suppression of Nrf2 activity. Our observations show that, 

in concert with increased NF-κB activation, Nrf2 activity decreases in macrophages, which 

may contribute to the increased pro-inflammatory and pro-calcific factors seen in 

macrophages exposed to elevated glucose. Indeed, activation of Nrf2 induced by VSC2 

recovered the imbalance of the Nrf2 and NF-κB pathways, and suppressed the effect of high 

glucose-S100A9 on the functions of inflammation in calcification. Moreover, we showed 

that ameliorating the NF-κB-Nrf2 imbalance, caused by high glucose-S100A9 with VSC2, 

reduced the mRNA levels of the osteogenic genes BMP4, ALP, and osteopontin within 

macrophage-derived EVs. In the setting of diabetes, macrophages may thus serve as parental 

cells to convey osteogenic information to another cell by releasing EVs that contain 

osteogenic mRNA cargo. These results provide evidence that the imbalance of the Nrf2 and 

NF-κB axis promotes generation of macrophage-derived EVs microcalcifications, which 

further links the association of inflammation with the formation of microcalcifications.

The present study used in vivo molecular imaging to show that macrophage-specific S100A9 

deficiency in diabetic mice significantly decreased macrophage and microcalcification 
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burdens in atherosclerotic plaques, consistent with the decrease in systemic S100A9 

deficiency mice. The selectivity of the protective effect of S100A9 deficiency suggests that 

the inflammatory state of macrophages and calcification in the setting of hyperglycosemia 

may be differing from that of vascular calcification in the absence of diabetes. Our 

observations indicate that the inhibitory effect of S100A9 deficiency on the inflammatory 

phenotype of macrophages associated with diabetes is likely to explain its pro-calcific 

effects in diabetic mice and suggest that hyperglycosemia-accelerated arterial calcification 

results from increased inflammation characterized by increased S100A9 expression in 

macrophages. This study identifies a key step in the mechanism of diabetes-induced 

macrophage inflammatory changes and vascular calcification.

There are limitations of this study that should be addressed in future research. The study 

focused on the involvement of the S100A9-RAGE axis in macrophage-mediated EV 

microcalcification in diabetes. We previously reported that EVs containing ALP and 

S100A9 aggregate and form microcalcifications7, 46. However, it was not possible to identify 

the S100A9-RAGE axis at the site where local microcalcification formed while evaluating 

these associations in human carotid artery samples with currently available research tools. 

Furthermore, we did not address the effects of macrophage-mediated EVs on SMCs in 

vascular calcification. In addition, the study demonstrated S100A9-RAGE axis is related to 

vascular calcification in diabetes, including human primary macrophages, diabetic Apoe−/− 

mice lacking S100A9 and treated with macrophage-targeted lipid nanoparticles 

encapsulating S100a9 siRNA, and human carotid endarterectomy specimens. However, we 

could not address the effects of confounding factors in our human samples. Future studies 

that are able to overcome these limitations are needed in order to solidify the mechanisms 

underlying the association between S100A9-RAGE axis and vascular calcification via 

macrophage-mediated EVs.

In summary, we demonstrated several lines of novel evidence that S100A9-RAGE axis in 

diabetes induces macrophage-derived EVs microcalcifications via the crosstalk between 

Nrf2 and NF-κB signaling pathways. No current therapies effectively prevent or treat arterial 

calcification. The present study may expand mechanistic understanding of this process that 

may aid the development of such treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

AGE advanced glycation end product

ALP alkaline phosphatase

ApoE apolipoprotein E

BCA brachiocephalic artery

BMP2 bone morphogenetic protein-2

BMP4 bone morphogenetic protein-4

CAC coronary arterial calcification

CVD cardiovascular disease

EVs extracellular vesicles

FRI fluorescent reflection imaging

HCD high-cholesterol diet

HO-1 hemeoxygenase-1

IL-1β interleukin-1 beta

IL-10 interleukin-10

IVM intra-vital microscopy

LC-MS/MS liquid chromatography tandem mass spectrometry

LNPs lipid nanoparticles

MCP-1 monocyte chemotactic protein-1

MRC1 mannose receptor C-type 1

MRP-14 myeloid-related protein-14

NF-κB nuclear factor-kappa B

NIRF near-infrared fluorescent

NQO1 NADPH quinone oxidoreductase 1

Nrf2 nuclear factor-2 erythroid related factor-2

NTA nanoparticle tracking analysis

PBMC human peripheral blood mononuclear cells

qPCR quantitative polymerase chain reaction

Runx2 runt-related transcription factor 2
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RAGE receptor for advanced glycation end product

SMC smooth muscle cell

STZ streptozotocin

TNF-α tumor necrosis factor-alpha

VSC2 a vinyl sulfone compounds with a methoxy group at the 2′ position
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Highlights

• Macrophage S100A9 plays a key regulator of vascular calcification in 

diabetes.

• Diabetes promotes pro-inflammatory and osteogenic activity in macrophages 

via a S100A9-RAGE axis-mediated pathway.

• Pro-inflammatory macrophages induced by S100A9-RAGE axis release EVs 

with high calcific potential in diabetic milieu.

• Our study reveals a novel mechanism by which the imbalance between the 

Nrf2 and NF-κB contributes to macrophage activation in pro-calcific 

environment.
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Figure 1. S100A9-RAGE axis regulates macrophage activation in human primary macrophages 
exposed to high glucose (25mmol/L glucose).
(A) mRNA and protein expression of S100A9 were measured in human primary 

macrophages after administration with normal glucose (NG; 5 mmol/L glucose) and high 

glucose (HG; 25 mmol/L glucose) by real-time quantitative polymerase chain reaction 

(qPCR) (left, administered for 6 hours, n = 16 PBMC donors) and Western blot (right, 

administered for 24 hours). These blots from one donor are representative of the 7 PBMC 

donors. The graph shows the signal intensity of S100A9 / β-actin ratio (n = 7 PBMC 

donors). (B) S100A9 levels in supernatants of human primary macrophages were measured 

by ELISA after administration with NG and HG condition for 24 hours (n = 17 PBMC 

donors). (C) mRNA expression of pro-inflammatory factors, IL-1β, TNF-α and MCP-1, and 

anti-inflammatory factors, IL-10 and MRC1 was measured in human primary macrophages 

after stimulation with HG and recombinant human S100A9 (rhS100A9) for 6 hours (n=8 
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PBMC donors). (D) mRNA expression was measured in human primary macrophages after 

suppression by S100A9 siRNA for 48 hours and administration with HG for 6 hours (n = 6 

PBMC donors). (E) mRNA and protein expression of RAGE were measured in human 

primary macrophages after stimulation with HG and rhS100A9 by real-time qPCR (left, 

stimulated for 6 hours, n = 8 PBMC donors) and western blot (right, stimulated for 24 

hours). These blots from one donor are representative of the 4 PBMC donors. The graph 

shows the signal intensity of RAGE / β-actin ratio (n = 4 PBMC donors). (F) mRNA 

expression of pro-inflammatory factors, IL-1β, TNF-α and MCP-1, and anti-inflammatory 

factors, IL-10 and MRC1 was measured in human primary macrophages after pretreatment 

with RAGE-antagonist (FPS-ZM1, 10 μg/mL) for 4 hours, and stimulation with HG and 

rhS100A9 for 6 hours (n = 6 PBMC donors). P value was calculated by unpaired student’s t-

test or one-way ANOVA, based on a comparison with NG, or two-way ANOVA followed by 

Bonferroni test. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars indicate ± SEM.
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Figure 2. S100A9 regulates secretion and calcific potential of extracellular vesicle (EV) from 
human primary macrophages
(A) Size distribution and quantification of EVs derived from human primary macrophages 

were measured after stimulation with HG and rhS100A9 for 24 hours by nanoparticle 

tracking analysis (n = 9 PBMC donors). (B) Size distribution and quantification of EVs 

derived from human primary macrophages were measured after suppression by S100A9 

siRNA for 48 hours and administration with NG and HG for 24 hours (n = 7 PBMC donors). 

(C) Size distribution and quantification of EVs derived from human primary macrophages 

were measured after pretreatment with RAGE-antagonist (FPS-ZM1, 10 μg/mL) for 4 hours, 

and stimulation with HG and rhS100A9 for 24 hours (n = 7 PBMC donors). (D) The 

expression of S100A9 was measured within EVs derived from human primary macrophages 

by western blotting after stimulation with HG and rhS100A9 for 24 hours. These blots from 

one donor are representative of the 4 PBMC donors. (E) Calcific potential of EVs derived 
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from human primary macrophages was measured by alkaline phosphatase (ALP) activity 

after stimulation with HG and rhS100A9 for 24 hours (n = 5 PBMC donors). (F) mRNA 

expression of the osteogenic factors, BMP2, BMP4, ALP, Runx2, osteopontin, and 

osteocalcin was measured in human primary macrophages after stimulation with HG and 

rhS100A9 for 12 hours (n = 8 PBMC donors). (G) mRNA expression of osteogenic factors 

was measured in human primary macrophages after suppression by S100A9 siRNA for 48 

hours and administration with HG for 12 hours (n = 6 PBMC donors). (H) mRNA 

expression of osteogenic factors was measured in human primary macrophages after 

pretreatment with RAGE-antagonist (FPS-ZM1, 10 μg/mL) for 4 hours, and stimulation with 

HG and rhS100A9 for 12 hours (n = 6 PBMC donors). P value was calculated by unpaired 

student’s t-test or one-way ANOVA, based on a comparison with NG, or two-way ANOVA 

followed by Bonferroni test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error 

bars indicate ± SEM.
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Figure 3. Imbalance of the Nrf2 and NF-κB pathways, induced by high glucose and S100A9, 
contribute to increased pro-inflammatory and osteogenic activity in human primary 
macrophages
(A) THP-1 cells were cultured in either NG or HG, and then stimulated with rhS100A9 for 

the indicated times before being analyzed by Western blot with antibodies specific for the 

indicated targets. Data representative of the 3 different experiments. (B) Nrf2 in a nuclear 

extract of THP-1 cells (top panel, treated for 24 hours, 4 different experiments) was 

measured by Western blot and mRNA expression of detoxifying enzymes, hemeoxygenase-1 

(HO-1) and NADPH quinone oxidoreductase 1 (Nqo1) (bottom panel, treated for 6 hours) 

were measured after stimulation with HG and rhS100A9 (n = 4 PBMC donors). (C) The 
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expression of Ser536 phosphorylation of p65 was measured in human primary macrophages 

by Western blot after pretreatment with VSC2 (10 μM) for 1 hour and stimulation with HG 

and rhS100A9 for 24 hours. The graph shows the signal intensity of phosphorylated p-65 / 

p65 ratio (n = 4 PBMC donors). (D) Nrf2 in a nuclear extract of THP-1 cells (top panel, 

treated for 24 hours, 3 different experiments) was measured by Western blot and mRNA 

expression of HO-1 and Nqo1 (bottom panel, treated for 6 hours, n = 4 PBMC donors) was 

measured after pretreatment with VSC2 (10 μM) for 1 hour and stimulation with HG and 

rhS100A9. (E) mRNA expression of pro-inflammatory factors, IL-1β, TNF-α and MCP-1, 

and anti-inflammatory factors, IL-10 and MRC1 was measured in human primary 

macrophages after pretreatment with VSC2 (10 μM) for 1 hour, and stimulation with HG 

and rhS100A9 for 6 hours (n = 4 PBMC donors). (F) The number of EVs derived from 

human primary macrophages were measured after pretreatment with VSC2 (10 μM) for 1 

hour, and stimulation with HG and rhS100A9 for 24 hours (n = 4 PBMC donors). (G) 

mRNA expression of osteogenic factors was measured in human primary macrophages after 

pretreatment with VSC2 (10 μM) for 1 hour, and stimulation with HG and rhS100A9 for 12 

hours (n = 4 PBMC donors). (H) Calcific potential of EVs derived from THP-1 cells was 

measured by ALP activity after pretreatment with VSC2 (10 μM) for 1 hour, and stimulation 

with HG and rhS100A9 for 24 hours (3 different experiments). P value was calculated by 

one-way ANOVA, based on a comparison with NG, or two-way ANOVA followed by 

Bonferroni test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars indicate ± 

SEM.
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Figure 4. S100A9 deficiency attenuates calcific potential in atherosclerotic plaques in diabetic 
Apoe−/− mice
Apoe−/− mice fed a HCD for 18 weeks. After 10 weeks, streptozotocin (42 mg/kg/day) was 

intraperitoneally injected to diabetic group for 5 days, and fed a HCD for 8 weeks. (A) Von 

Kossa staining on longitudinal sections of the aortic arch; one of 14 animals per group is 

shown. Scale bars: 200 μm. The graph shows the percentage of positive area in the plaques. 

(B) Microcalcifications (yellow arrows) within the fibrous cap (white dotted line) were 

detected by Near-infrared fluorescent (NIRF) calcium tracer (OS680). The graph shows the 

number of microcalcifications (n=9). Scale bars: 50 μm. (C) Molecular imaging of aortic 

vascular calcification assessed by OsteoSense750 and vascular inflammation assessed by 

proteolytic activity, ProSense680. (n=6–10). The graph shows the SUM intensity related to 
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total aortic area for fluorescent reflection imaging (FRI) in Apoe+/+S100a9+/+ (wild type; 

WT), Apoe−/− S100a9−/− (double knockout; DKO), and Apoe−/− S100a9+/+ (Apoe−/−) mice 

with diabetes and non-diabetic control. P value was calculated by paired student’s t-test or 

two-way ANOVA followed by Bonferroni test. **P < 0.01, ***P < 0.001, ****P < 0.0001. 

Error bars indicate ± SEM.
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Figure 5. S100A9 expressed by macrophages regulates vascular calcification in diabetic Apoe−/− 

mice
(A) Macrophage-targeted LNP containing control siRNA (siControl) or S100a9 siRNA 

(siS100a9) were injected via tail vein, and F4/80 positive splenic macrophages were 

isolated. S100A9 mRNA was quantified by real-time PCR. (left panel, n = 3 per each 

group). Fluorescent in situ hybridization shows less S100A9 mRNA expression localized to 

macrophage-positive cells in Apoe−/− mice injected with macrophage-targeted LNP 

containing siS100a9. White arrows show the co-localization of S100A9 mRNA in 

macrophage-positive cells. One of 4 animals per group is shown (right panel). Scale bars: 20 

μm. (B) mRNA expression of S100A9, inflammatory cytokines, and osteogenic factors was 
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measured in splenic macrophages from diabetic and non-diabetic Apoe−/− mice injected 

with macrophage-targeted LNP containing siControl (No diabetes and Diabetes) and 

siS100a9 (Diabetes with siS100a9) (n = 13, No diabetes and Diabetes with siS100a9; n = 16, 

Diabetes). (C) Immunohistochemical evaluation of ALP activity in aortic plaques from 

diabetic and non-diabetic Apoe−/− mice injected with macrophage-targeted LNP containing 

siControl and siS100a9 (n = 14, No diabetes and Diabetes with siControl; n = 13, No 

diabetes with siControl; n = 11, Diabetes with siS100a9). Scale bars: 100 μm. (D) In vivo 

molecular imaging of carotid arteries from diabetic Apoe−/− mice. Vascular calcification 

assessed by osteogenic activity, OsteoSense680 (red) and vascular inflammation assessed by 

proteolytic activity, ProSense750 (green). White arrow shows the co-localization of 

calcification and inflammation, indicating the formation of microcalcification (yellow). The 

image represents 7–10 mice per group. Scale bar = 200 μm. (E) Molecular imaging of aortic 

vascular calcification assessed by OsteoSense680 and vascular inflammation assessed by 

ProSense750. (n= 13–18). The graph shows the SUM intensity related to total aortic area for 

FRI in diabetic and non-diabetic Apoe−/− mice treated with macrophage-targeted LNP 

containing control siRNA (siControl) or S100a9 siRNA (siS100a9). (F) 3D micro-CT 

scanning of aorta from diabetic Apoe−/− mice injected with macrophage-targeted LNP 

containing siControl and siS100a9 (n = 4, per each group). The graph shows the mean 

number of microcalcifications assessed by size contribution. P value was calculated by 

paired student’s t-test or two-way ANOVA followed by Bonferroni test. **P < 0.01, ***P < 

0.001, ****P < 0.0001. Error bars indicate ± SEM.
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Figure 6. The important role of S100A9 and RAGE in human diabetic calcified carotid arteries
(A) 25 human atheroma obtained from carotid endarterectomy. Staining for S100A9, RAGE, 

and ALP in human atheroma (n=25). One of low S100A9 % positive area (left panel) and 

high S100A9 % positive area (right panel) are shown. Scale bars: 100 μm. Each graph shows 

the correlation between percentage of S100A9 positive area and ALP- and RAGE-positive 

area. The average of 5–10 high power fields was used for the analysis. (B) Serial section of 

human atheroma double-immune stained with anti-S100A9 (red) to anti-RAGE or anti-ALP 

(green) antibodies. Yellow area in Merge indicate S100A9 positive cells for either RAGE or 

ALP. Scale bars: 20 μm. The data represent 5 donors that showed similar results. (C) 

Transmission electron microscopy–based immunogold staining of S100A9 (red arrows) in 

EVs from human carotid plaques. One of 3 plaques is shown. Scale bar: 300 nm. (D) Carotid 
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plaque specimens were obtained from diabetic (n = 4) and non-diabetic patients (n = 4) 

undergoing carotid endarterectomy. Volcano plot for the proteomics data. Red and blue 

markers indicate the significantly enriched (p<0.05) proteins in diabetic patient group and 

non-diabetic patient group, respectively, with a fold change (FC) cutoff of 2.0. (E) The 

schematic of the potential mechanism for macrophage-mediated EV microcalcification in 

diabetes. S100A9-RAGE axis may regulate pro-inflammatory and pro-osteogenic 

macrophage activation via Nrf2 and NF-κB pathways.
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