
Indoleamine 2, 3-Dioxygenase 1 (IDO1) Deletion-Mediated 
Kynurenine Insufficiency in Vascular Smooth Muscle Cells 
Exacerbates Arterial Calcification

Liu Ouyang, MD, PhD1, Changjiang Yu, PhD1, Zhiyong Xie, PhD2, Xiaoyan Su, MD3, 
Zengmei Xu, BS2, Ping Song, PhD1, Jian Li, PhD1, Hui Huang, MD, PhD4, Ye Ding, PhD1, 
Ming-Hui Zou, MD, PhD1

1Center for Molecular and Translational Medicine, Georgia State University, Atlanta, USA

2School of Pharmaceutical Sciences (Shenzhen), Sun Yat-sen University, Guangzhou, China

3Department of Nephropathy, Tungwah Hospital of Sun Yat-sen University, Sun Yat-sen University, 
Dongguan, China

4Department of Cardiology, the Eighth Affiliated Hospital of Sun Yat-sen University, Sun Yat-sen 
University, Shenzhen, China

Abstract

Background: Indoleamine 2, 3-dioxygenase 1 (IDO1) is the rate-limiting enzyme for tryptophan 

metabolism. IDO1 malfunction is involved in the pathogenesis of atherosclerosis. Vascular smooth 

muscle cells (VSMCs) with an osteogenic phenotype promote calcification and features of plaque 

instability. However, it remains unclear whether aberrant IDO1-regulated tryptophan metabolism 

causes VSMCs osteogenic reprogramming and calcification.

Methods: We generated global apolipoprotein E (Apoe) and IDO1 double knockout mice, and 

Apoe knockout mice with specific deletion of IDO1 in VSMCs or macrophages. Arterial intimal 

calcification was evaluated by Western diet-induced atherosclerotic calcification model.

Results: Global deficiency of IDO1 boosted calcific lesion formation without gender bias in 

vivo. Conditional IDO1 loss of function in VSMCs rather than macrophages promoted calcific 

lesion development and the abundance of runt-related transcription factor 2 (RUNX2). In contrast, 

administration of kynurenine via intraperitoneal injection markedly delayed the progression of 
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intimal calcification in parallel with decreased RUNX2 expression in both Apoe−/− and Apoe−/− 

Ido1−/− mice. We found that IDO1 deletion restrained RUNX2 from proteasomal degradation, 

which resulted in enhanced osteogenic reprogramming of VSMCs. Kynurenine administration 

downregulated RUNX2 in an aryl hydrocarbon receptor (AhR)-dependent manner. Kynurenine 

acted as the endogenous ligand of AhR, controlled resultant interactions between cullin 4B 

and AhR to form an E3 ubiquitin ligase that bound with RUNX2, and subsequently promoted 

ubiquitin-mediated instability of RUNX2 in VSMCs. Serum samples from patients with coronary 

artery calcification had impaired IDO1 activity and decreased kynurenine catabolites, comparing 

with those without calcification.

Conclusions: Kynurenine, an IDO1-mediated tryptophan metabolism main product, promotes 

RUNX2 ubiquitination and subsequently leads to its proteasomal degradation via an AhR-

dependent non-genomic pathway. Insufficient kynurenine exerts the deleterious role of IDO1 

ablation in promoting RUNX2-mediated VSMCs osteogenic reprogramming and calcification in 

vivo.

Abstract

This study is the first to find that indoleamine 2, 3-dioxygenase 1 (IDO1) deletion in vascular 

smooth muscle cells but not macrophages exacerbated the progression of arterial calcification. The 

phenotype was rescued by supplementation with the major IDO1-produced catabolite, kynurenine. 

The suppression of calcification by kynurenine was runt-related transcription factor 2 (RUNX2) 

dependent. Mechanistically, kynurenine exerted the protective effects by activating the RUNX2 

proteasome degradation. In the clinical setting, kynurenine derivatives and serum IDO1 activity 

were negatively correlated with coronary artery calcification progression in chronic kidney disease 

patients. These findings may provide new insights into therapeutic strategies for the relief of 

abnormal calcification in the cardiovascular system.
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Introduction

In the clinical setting, the leading cause of acute myocardial infarction and stroke events 

has been traced to atherosclerotic plaque rupture.1 Calcific vasculopathy, featured by 

ectopic deposition of hydroxyapatite crystal in vessels, is prevalent in advanced lesions and 

contributes to the increased vulnerability and probability of rupture.2 Previously considered 

passive and degenerative, arterial calcification is now recognized as an active osteogenic 

process resembling osteoblast differentiation during skeletal mineralization, and vascular 

smooth muscle cell (VSMC) is the major contributor.3 Due to the lack of a comprehensive 

understanding of the pathogenesis of arterial calcification, no effective interventions have 

been identified.

Indoleamine 2, 3-dioxygenase 1 (IDO1) is the determinant enzyme that catalyzes 

the degradation of the essential amino acid tryptophan to multiple catabolites, via 
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which IDO1 exerts its biological effects.4 Kynurenine is the main, initial downstream 

product. The kynurenine-to-tryptophan (Kyn/Trp) ratio reflects IDO1 activity and is 

linked to disorders including cancer immuno-resistance, neurodegeneration, and intestinal 

inflammation.5 IDO1-related pathways exert dual biological effects (i.e., protective or 

deleterious) on cardiovascular diseases, including endothelial malfunction,6 myocardial 

infarction,7 cardiometabolic syndrome,8 hypertension,9 abdominal aortic aneurysm,10 and 

atherosclerosis.11 However, it is unknown whether IDO1-mediated tryptophan metabolism 

contributes to arterial calcification.

IDO1 activity and kynurenine derivatives are indispensable for osteoblastic differentiation 

of bone cells during skeletal metabolism. Kynurenine leads to decreased bone marrow 

mesenchymal stem cell (MSC) differentiation and bone mineralization through increased 

oxidative stress,12 altered energy production,13 and impaired autophagy.14 Quinolinic acid, 

the end product of the kynurenine pathway, exerts an osteogenic effect on human MSCs.15 

Anthranilic acid and 3-hydroxyanthranilic acid imbalance is strongly associated with a 

higher risk of osteoporosis in humans.16 Given the overlap of mechanisms underlying 

bone and vasculature mineralization, we hypothesized that IDO1 and tryptophan-derived 

metabolites have potential effects on the development of arterial calcification.

Runt-related transcription factor 2 (RUNX2) is a hallmark for osteoblast differentiation and 

chondrocyte maturation. Mutations in the RUNX2 gene cause cleidocranial dysplasia in 

humans.17 Healthy vasculature expresses trace levels of RUNX2, but markedly increased 

RUNX2 levels have been identified in animal models and human aortic tissue specimens 

of calcified atheromatous plaques.18 RUNX2 expressed in vascular cells dominates the 

intrinsic signaling cascades of osteogenic reprogramming and arterial calcification.19 One 

study found an inhibitory effect of kynurenine on RUNX2 expression in MSCs but did 

not elucidate the precise mechanism.20 In this study, we found that the formation of 

calcific plaque was boosted by IDO1 deficiency but conversely prevented by kynurenine 

supplementation via a regulatory network of RUNX2 ubiquitin-dependent proteasomal 

degradation. Our findings reveal the previous unsuspected role of IDO1 and its metabolites 

in the repression of arterial calcification and suggest new approaches for potential 

treatments.

Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. The expanded methods are provided in the supplemental material.

Study population

This case-control study was conducted from March 2018 to January 2020 at Tungwah 

Hospital of Sun Yat-sen University, China. Of 198 participants with a diagnosis of chronic 

kidney disease (CKD), 10 participants who met the exclusion criteria, 10 participants 

who missed the blood collection, 22 patients without data from multidetector computed 

tomography (MDCT) scanning of the coronary artery, and 4 patients due to serum sample 

quality issue were excluded. The clinical study protocol followed ethical guidelines of the 

1975 Declaration of Helsinki and was approved by the Ethics Committee of the Tungwah 
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Hospital of Sun Yat-sen University (2017DHLL017). All participants gave written informed 

consent before entering the study.

Animal experiments

The animal experiments were performed following protocols approved by the Georgia State 

University Institute Animal Care and Use Committee. Specific-pathogen-free mice were 

raised at the animal facility of Georgia State University in controlled, identical temperature, 

humidity, and 12-hour light-dark cycle conditions. They had free access to sterilized water 

and the assigned diet.

Statistical analyses

All results were expressed as mean ± standard error of the mean (SEM), median (25th-75th 

quartiles) for continuous variables, or n (%) for categorical variables, respectively. The 

Shapiro-Wilk test or D’Agostino-Pearson test was performed to assess data normality. 

The equality of group variances was assessed using F test or Brown-Forsythe test. For 

comparisons between two groups, significance was assessed using unpaired two-tailed 

Student’s t-tests, unpaired t-test with Welch’s correction, or nonparametric Mann-Whitney 

U test. For comparisons among multiple groups, analysis of variance (ANOVA) or Welch’s 

ANOVA test accompanied by Tukey’s post hoc test (equal variances assumed), Dunnett’s 

post hoc test, or Tamhane’s T2 post hoc test (equal variances not assumed) was performed. 

Correlation was assessed using Spearman’s rank correlation coefficient. P < 0.05 was 

considered statistically significant. Statistical analyses were performed using SPSS version 

28.0 (IL, USA) or GraphPad Prism 8.0 (CA, USA).

Results

IDO1 deficiency aggravates atherosclerotic calcification in vivo without gender bias

Ido1−/− mice were crossed with hyperlipidemic apolipoprotein E-deficient (Apoe−/−) mice 

to generate Apoe−/− Ido1−/− mice. Male Apoe−/− Ido1−/− and Apoe−/− mice were fed with 

Western diet for 24 weeks. Atherosclerotic calcification was confirmed using von Kossa 

staining. Apoe−/− Ido1−/− mice had a marked tendency for systemic calcification formation 

within lesion areas in the aortic root, aortic arch, femoral artery, and brachiocephalic artery, 

compared with Apoe−/− mice (Figure 1A–1E). Apoe−/− Ido1−/− mice exhibited markedly 

increased calcium content and ALP activity in aortas, compared with Apoe−/− mice (Figure 

1F and 1G).

The reasons for the sex-based differences in the effects of atherosclerotic calcification 

remain controversial. Thus, we fed female Apoe−/− and Apoe−/− Ido1−/− mice with 

the Western diet for 24 weeks. We found marked increases in aortic calcium content 

and ALP activity in the female IDO1-knockout mice, along with accumulated aortic 

calcification revealed by the von Kossa staining, which matched the results of male Apoe−/− 

Ido1−/− (Figure S1). Taken together, our findings suggest that IDO1 deficiency aggravates 

atherosclerotic calcification formation in vivo, without gender bias.
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Calcification development in IDO1 knockout mice is atherosclerosis-independent

To exclude the effect of atherogenesis on calcification development in vivo, we next assessed 

absolute lesion areas and lesion area fractions in situ. We found no significant differences in 

these arteries between the Apoe−/− and Apoe−/− Ido1−/− mice, including gender differences 

(Figure S2). Male and female Apoe−/− and Apoe−/− Ido1−/− mice had similar metabolic 

parameters, including serum triglyceride, cholesterol, calcium, blood glucose, and body 

weight (Figure S3). Thus, we conclude that the enhanced calcification formation in IDO1 

knockout mice is independent of atherosclerosis.

Serum kynurenine levels are inversely associated with calcification development in vivo

When we stratified all the male and female Apoe−/− and Apoe−/− Ido1−/− mice fed with 

Western diet into three groups according to severity of atherosclerotic calcification and 

compared serum kynurenine levels among groups, we found a negative correlation between 

serum kynurenine levels and extents of atherosclerotic calcification (Figure S4A–S4G). 

We also found a similar association between serum Kyn/Trp ratios and progression of 

atherosclerotic calcification (Figure S4H and S4I). Taken together, these results suggest that 

kynurenine is involved in IDO1-regulated arterial calcification.

IDO1 depletion in VSMCs but not in macrophages promotes RUNX2 expression and 
atherosclerotic calcification in vivo

VSMCs and macrophages are central regulators of arterial calcification.21 We postulated 

that VSMCs and macrophages, which both express IDO1,4 participated in the IDO1-relevant 

modulation of calcification. Therefore, we generated Apoe−/− background mice with a 

specific deletion of IDO1 in VSMCs (Apoe−/− Ido1fl/fl Myh11Cre [Apoe−/− Ido1△SMC]) 

or macrophages (Apoe−/− Ido1fl/fl lysMCre [Apoe−/− Ido1△MΦ]), and fed them and their 

littermates (Apoe−/− Ido1fl/fl) with Western diet for 24 weeks. Apoe−/− Ido1△SMC mice 

but not Apoe−/− Ido1△MΦ mice had higher levels of calcium content and ALP activity 

in aorta tissues than Apoe−/− Ido1fl/fl mice (Figure 2A and 2B). Resembling skeletal 

mineralization, VSMCs ossification relies on multistep intracellular pathways modulated 

by various transcription factors, such as RUNX2, msh homeobox 2 (MSX2), and SOX9.3 

Accordingly, we next examined whether they were modulated in our system. The results 

indicated that only RUNX2 expression was subject to IDO1 depletion in vivo (Figure S5). 

Western blot analysis verified the elevations in RUNX2 expression in aortas of Apoe−/− 

Ido1△SMC mice but not in Apoe−/− Ido1△MΦ mice, compared with their controls (Figure 

2C). Consistently, von Kossa staining and immunofluorescence staining revealed markedly 

increased calcium nodule deposition in both aortic root and brachiocephalic artery and 

coincident upregulated aortic expression of RUNX2 in Apoe−/− Ido1△SMC mice, compared 

with their littermates (Figure 2D–2G). Absolute lesion area and lesion area fraction in situ 

were unchanged between three groups (Figure S6A and S6B). Besides, serum triglyceride, 

cholesterol, calcium, blood glucose, and body weight also remained similar (Figure S6C–

S6G). Moreover, we found that IDO1 deficiency in macrophages had a mild effect on 

aortic kynurenine levels in situ (Figure S6H). Taken together, these results indicate that 

VSMCs-expressed IDO1 is essential for regulation of arterial calcification progression.
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Kynurenine alleviates oxLDL-induced RUNX2 expression in vitro

The aforementioned results indicated a strong link between kynurenine levels and arterial 

calcification. To identify IDO1-catablized metabolites that associated with IDO1-regulated 

calcification, we incubated primary VSMCs isolated from Ido1fl/fl Myh11Cre mice in 

osteogenic media for 14 days, supplemented with major metabolites of IDO1-catabolized 

tryptophan degradation. The post-screening western blot and alizarin red staining results 

indicated that only kynurenine down-regulated RUNX2 expression and suppressed calcified 

nodule deposition, compared with the DMSO-treated control group (Figure S7A–S7C). 

Moreover, quantitative RT-PCR results revealed that none of the metabolites, including 

kynurenine, altered Runx2 mRNA levels, compared to the DMSO group (Figure S7D). 

Elevated oxLDL exerted its deleterious effect on aggravation of atherosclerotic calcification 

by inducing RUNX2 expression in VSMCs.21 Thus, we treated primary VSMCs isolated 

from Ido1fl/fl and Ido1fl/fl Myh11Cre mice in the presence of oxLDL, with or without 

kynurenine. As expected, oxLDL successfully triggered upregulation of RUNX2, and 

kynurenine supplementation reversed this effect (Figure S7E). Altogether, these results 

suggest kynurenine had a crucial role in inhibition of calcification via RUNX2 reduction.

Kynurenine administration suppresses atherosclerotic calcification in vivo

To verify the beneficial effects of kynurenine on calcification development in vivo, Apoe−/− 

and Apoe−/− Ido1−/− mice were fed with Western diet for 16 weeks, then were supplemented 

with vehicle or kynurenine (100 mg/kg) via intraperitoneal injection along with the Western 

diet for another 8 weeks. Corresponding increased kynurenine were detected in serum from 

kynurenine-treated Apoe−/− and Apoe−/− Ido1−/− mice (Figure S8). Consistently, kynurenine 

supplementation ameliorated aortic calcium content and ALP activity in both Western 

diet-fed Apoe−/− and Apoe−/− Ido1−/− mice. It also resulted in reduced mineralization in 

atherosclerotic plaque areas of the aortic roots and brachiocephalic arteries (Figure 3A–

3F). Immunofluorescence staining and western blot results indicated RUNX2 expression 

was also reduced in the kynurenine-treated groups, compared with the vehicle controls 

(Figure 3G and 3H). However, mRNA levels of Runx2 expression were not affected 

by IDO1 deletion or kynurenine (Figure 3I). Changes in atherogenesis in situ were not 

significant (Figure S9A and S9B), nor were there any changes in metabolic parameters, 

including serum lipid and calcium levels, blood glucose, and body weight after kynurenine 

administration (Figure S9C–S9G). Overall, these results indicate that kynurenine has a 

preventive effect on calcification development.

IDO1-related kynurenine modulates osteogenic reprogramming of VSMCs

RUNX2 is required for calcification development by mastering the osteogenic 

reprogramming of VSMCs without affecting atherogenesis.19 Next, we examined the 

VSMCs osteogenic phenotype switch in an IDO1 knockout setting. Western blot 

analysis revealed that IDO1 knockdown induced increased expression of osteogenic trans-

differentiation markers (OCN and OPN), accompanied by suppression of contractile markers 

(SM22α and calponin1) in aorta tissues (Figure 4A). Immunofluorescence staining analyses 

indicated that the elevated RUNX2 and osteochondrogenic reprogramming marker of 

COL1A1 were mostly co-localized in aortic intimal calcification areas in vivo (Figure 
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4B–4D). We cultured aortic rings isolated from Ido1fl/fl and Ido1fl/fl Myh11Cre mice in 

osteogenic media ex vivo, with or without kynurenine supplementation. We found a marked 

shift towards less RUNX2 and more α-SMA expression in kynurenine-treated subjects, 

compared with vehicle-treated controls (Figure 4E and 4F). In summary, these results 

indicate that kynurenine has a protective role in calcification by rescuing IDO1 deficiency-

promoted VSMCs osteogenic reprogramming.

IDO1 modulates VSMCs osteogenic reprogramming in a RUNX2-dependent manner

Our results indicated that RUNX2 expression is regulated by IDO1. To examine whether 

RUNX2 mediated the VSMCs calcification promoted by IDO1 deficiency, primary VSMCs 

or aortic rings were isolated from Ido1fl/fl and Ido1fl/fl Myh11Cre mice and then transfected 

with lentivirus carrying scramble shRNA or RUNX2 shRNA. Although IDO1 depletion 

markedly fostered calcium nodule formation, RUNX2 deficiency effectively suppressed 

VSMCs calcification and related expression of osteogenic reprogramming markers (OCN 

and OPN), accompanied by reciprocal changes in contractile markers (SM22α and 

calponin1) (Figure 5A and 5B). Cultured aortic rings also had reduced calcium deposition 

and ALP activity in the RUNX2 deficient groups (Figure 5C–5F). Lentivirus carrying 

RUNX2 shRNA infection abrogated calcium deposition in human coronary VSMCs stably 

encoding IDO shRNA (Figure S10). Taken together, these results indicate that IDO1-

modulated VSMCs osteogenic reprogramming is RUNX2-dependent.

IDO1 promotes ubiquitination and proteasomal degradation of RUNX2 in VSMCs through 
kynurenine production

As rodents might differ from humans regarding the regulation of IDO1 activity, we then 

compared the results for rodents with results of human coronary VSMCs. Consistent with 

the murine results, silencing IDO1 resulted in significant upregulation of RUNX2, and 

kynurenine treatment reduced remnant RUNX2 in VSMCs in a time-dependent way (Figure 

S11). The aforementioned in vivo results indicated that Runx2 mRNA expression was not 

affected by IDO1 deletion or kynurenine. To examine potential mechanisms underlying 

IDO1-kynurenine-mediated RUNX2 reduction, we treated human coronary VSMCs with 

IDO1 silence or exogenous kynurenine administration. We found these treatments had 

no effects on RUNX2 mRNA expression levels (Figure 6A). These results suggest that 

IDO1-kynurenine regulates RUNX2 expression at the post-transcription level. RUNX2 is 

altered by mRNA decay or is degraded by lysosome or proteasome.22 Thus, we first 

applied transcription inhibitor actinomycin D to human coronary VSMCs pre-infected 

with scramble siRNA or IDO1 siRNA, but RUNX2 mRNA levels were not affected in 

either group (Figure 6B). Next, lysosome inhibitor chloroquine or proteasome inhibitor 

MG132 were incubated with human coronary VSMCs pretreated with scramble siRNA or 

IDO1 siRNA. Chloroquine had mild effects on RUNX2 expression (Figure 6C). MG132 

time-dependently increased RUNX2 accumulation in the control group as early as 4 hours 

but only mildly altered RUNX2 expression in the IDO1-silenced group (Figure 6D). These 

results indicate IDO1 depletion prevents RUNX2 from proteasomal degradation, but not 

lysosome degradation.
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Human coronary VSMCs were transfected with scramble siRNA or IDO1 siRNA and then 

treated with cycloheximide (an inhibitor of protein synthesis). IDO1 knockdown did not 

result in a decrease in the half-life of RUNX2 protein compared with the control group. 

In contrast, the half-life was markedly decreased in kynurenine-supplemented VSMCs, 

compared with the DMSO control (Figure 6E and 6F). Ubiquitination is crucial for RUNX2 

degradation.22 Therefore, we examined the effects of endogenous IDO1 activity on RUNX2 

ubiquitination in human coronary VSMCs treated with IDO1 siRNA or kynurenine. We 

found that compared with the control group, RUNX2 ubiquitination was markedly reduced 

in the IDO1-silenced group but was markedly induced in the presence of kynurenine 

(Figure 6G and 6H). Taken together, these results indicate that IDO1 facilitates RUNX2 

ubiquitination and proteasomal degradation through kynurenine production in VSMCs.

Kynurenine activates assembly of RUNX2 and CUL4BAhR E3 ligase complex

Kynurenine acts as an endogenous ligand of the AhR. Their binding induces conformational 

changes in AhR that promote its nuclear translocation and subsequent modulation of the 

target genes.7 However, we found that despite the addition of kynurenine, AhR remained 

in the cytosol (Figure S12A) and that AhR depletion had mild effects on RUNX2 mRNA 

expression levels in vitro (Figure S12B). This result suggested kynurenine-activated AhR 

had a non-genomic function beyond transcriptional regulation.

The AhR is also characterized as an atypical component of the ubiquitin ligase complex 

involving ubiquitin ligase core component CUL4B, which regulates proteasomal degradation 

of target proteins.23 Therefore, we next verified the combination of RUNX2 and CUL4BAhR 

complex. As depicted in Figure 7A–7C, increased endogenous binding of RUNX2 to 

CUL4BAhR was evident in cell lysates of kynurenine-treated human coronary VSMCs, 

pulled down by either RUNX2, AhR, or CUL4B immunoprecipitation. As shown in 

Figure 7D and 7E, silencing of AhR or CUL4B stimulated RUNX2 expression in human 

coronary VSMCs. Moreover, with MG132 supplementation, the scramble siRNA-transfected 

group had markedly increased RUNX2 expression, but not the AhR- or CUL4B-silenced 

groups. We further examined the effect of the CUL4BAhR complex on RUNX2 stability. In 

the presence of kynurenine, overexpression of AhR and CUL4B together with RUNX2 

in human coronary VSMCs led to instability of RUNX2, compared with the control 

group (Figure 7F). In contrast, CUL4B deficiency abolished the effect of kynurenine on 

decreasing RUNX2 expression in human coronary VSMCs (Figure 7G). In the context 

of kynurenine deficiency due to IDO1 silencing in human coronary VSMCs, CUL4B 

overexpression did not downregulate RUNX2 expression, compared to the control group 

(Figure 7H). Taken together, these results indicate that RUNX2 is a substrate for kynurenine-

activated CUL4BAhR E3 ligase complex and that CUL4BAhR complex is vital for RUNX2 

proteasomal degradation.

Patients with coronary artery calcification exhibit aberrant tryptophan metabolism

To determine the clinical relevance of tryptophan catabolism and arterial calcification, we 

further performed LC-MS/MS detection in serum samples from CKD patients with or 

without coronary artery calcification. We found that the serum levels of Kyn/Trp ratio and 

kynurenine catabolites, including kynurenine, kynurenic acid, 3-hydroxyanthranilic acid, 
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xanthurenic acid, and quinolinic acid, were negatively correlated with calcification Agatston 

scores of patients (Figure 8). Results of the multiple linear regression analyses of baseline 

clinical factors and CAC Agatston scores, with adjustments for age and sex, showed that 

serum kynurenine level was significantly associated with CAC scores in CKD patients 

(Table S1 and S2). These results suggest that patients with coronary artery calcification 

exhibit an aberrant IDO1-mediated tryptophan metabolism profile, and IDO1 is involved in 

the progression of calcification in the clinical setting.

Discussion

This study was the first to find that IDO1 deletion in VSMCs but not macrophages 

exacerbated the progression of VSMCs osteogenic reprogramming and the consequent 

calcification. The phenotype was rescued by supplementation with the major IDO1-

produced catabolite, kynurenine, both in vitro and in vivo. The suppression of calcification 

by kynurenine was RUNX2 dependent. Mechanistically, kynurenine exerted the protective 

effects by activating the AhR, which resulted in the formation of the CUL4BAhR E3 

ubiquitin ligase complex and promotion of ubiquitin-mediated proteasomal degradation 

of RUNX2 and subsequent RUNX2 downregulation. In the clinical setting, kynurenine 

derivatives and serum IDO1 activity were negatively correlated with coronary artery 

calcification progression in CKD patients. Taken together, these results reveal the role 

of IDO1 as an endogenous regulator of arterial calcification, which is a ubiquitous 

vasculopathy with limited therapeutic treatment.

Using a long-term Western diet-induced calcification mouse model, we found that global 

IDO1 inhibition had a detrimental effect on calcification formation in vivo. Likewise, IDO1 

has been identified in different vascular cells that can independently respond to stimuli.24 

IDO1 from those cells can be activated and produce kynurenine. To determine the direct 

role of IDO1 in this context, we used a genetic loss-of-function approach and found that 

IDO1 deficiency in VSMCs promoted intimal ossification; IDO1 ablation in macrophages 

had mild effects. Despite the fact that IDO1 expression and activity were suppressed in 

macrophages, IDO1 deletion in these cells did not affect aortic kynurenine levels in situ. 

Assessed by the Kyn/Trp ratio, IDO1 activity in aortas of Apoe−/− Ido1△MΦ mice was much 

higher than that in Apoe−/− Ido1△SMC mice. These results suggest that IDO1 in VSMCs, but 

not in macrophages, is a major source of kynurenine in the vascular system. These findings 

provide the previously unknown effect of VSMCs IDO1 on calcific vasculopathy.

Upon lipid or other pro-calcification cues during atherosclerosis, VSMCs possess high 

plasticity to adopt alternative phenotypes. These phenotypes resemble foam cells, osteogenic 

cells, macrophages, and even rare subsets such as myofibroblast-like cells and MSC-like 

cells.25,26 A lineage-tracing study found that within lesions, 98% of osteogenic cells 

were VSMCs-derived.27 Our results showed that IDO1 deficiency aggravated catastrophic 

elevation of bone matrix proteins, with concurrent lower expression of contractile 

proteins, both in vivo and in vitro. Taken together, these characteristics support the 

hypothesis that IDO1 participates in VSMCs osteogenic phenotype switching. Compelling 

evidence indicates that VSMCs osteogenic differentiation is predominately regulated by 

the transcription factor RUNX2.22 We found that IDO1 deletion sustained the abundance 
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of intrinsic RUNX2 in arteries, but not of other osteogenic factors such as SOX9 and 

MSX2. The elevated RUNX2 co-localized with COL1A1 and calcium granules within 

atherosclerotic lesions. The compromised effects upon RUNX2 deletion revealed that 

RUNX2 mediated IDO1 ablation-enhanced calcification. Taken together, these findings 

strongly suggest that IDO1 has an indispensable role as a “gatekeeper” of the fate of VSMCs 

during lineage reprogramming towards osteochondrogenesis.

IDO1-catabolized tryptophan metabolism generates a variety of end-products.4 We 

incubated VSMCs with major derivatives to identify catabolites responsible for the 

guidance of VSMCs trans-differentiation. The results indicated that only kynurenine could 

decrease the expression of RUNX2 and concomitant calcium deposits in vitro and in 

vivo. Conversely, silencing IDO1-induced endogenous kynurenine insufficiency resulted 

in the accumulation of RUNX2 in VSMCs. These findings suggest kynurenine is a key 

intermediary during anti-calcification of IDO1 via RUNX2 downregulation, and there were 

no increases in lipid levels, glucose fluctuation, weight change, or plaque formation after 

kynurenine treatment. Interestingly, recent reports indicate that kynurenine is connected with 

osteoblast proliferation and differentiation, and it can be related to the pathophysiology 

of chronic kidney disease.28 Besides, serotonergic drugs are demonstrated to have 

pharmacological inhibition on aortic calcific valvulopathy progression.29,30 Therefore, 

from the therapeutic perspective, kynurenine may be promisingly applicable to ameliorate 

sclerotic vascular complications in the clinical setting.

Kynurenine acts as an endogenous AhR ligand.31 AhR has been linked to RUNX2 

regulation. Tong et al. found that AhR activation suppresses the expression of RUNX2 in 

MSCs.32 Smooth muscle cell lineage-specific AhR knockout mice contain cells modulated 

towards a chondrogenic phenotype with RUNX2 upregulation.33 However, the underlying 

mechanism remains obscure. Post-translational modifications are critical for maintaining 

intracellular RUNX2 homeostasis in osteoblasts.22 Our studies found that either IDO1 

silencing or kynurenine administration modulated RUNX2 protein expression without a 

corresponding alteration in RUNX2 mRNA levels or stabilities. Furthermore, in vitro 

studies unambiguously revealed that kynurenine enhanced ubiquitin-mediated proteasomal 

degradation of RUNX2. Ligand-activated AhR is integrated as a component of the 

CUL4B ubiquitin ligase complex that targets proteins for degradation, including sex 

steroid receptors,23 cytoplasmic 1,34 and peroxisome proliferator-activated receptor γ.35 

Consistently, immunoprecipitation experiments found that kynurenine activated endogenous 

assembly of RUNX2 and CUL4BAhR complexes. Overexpression of the AhR and CUL4B 

promoted further instability and degradation of RUNX2. However, CUL4B failed to repress 

RUNX2 elevation without AhR activation, for which kynurenine was insufficient due to 

IDO1 deletion. These results also explained why RUNX2 mRNA levels were not affected by 

AhR deficiency, and cytosolic localization of AhR in VSMCs under kynurenine application. 

Thus, these findings increased our understanding of atypical AhR functions. Kynurenine-

activated AhR mediated RUNX2 degradation via cooperation with E3 ubiquitin ligase, but 

not the canonical genomic pathway. This study shed new light on the interaction between 

RUNX2 and AhR in the vascular disease setting. Clinically, AhR activation may constitute a 

novel approach for the reduction of calcification.
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Although mineralization occurs in parallel in bone and vasculature, the paradox that 

repressed skeletal ossification coexisting with enhanced aortic ossification is often 

recognized in humans.22 IDO1-mediated kynurenine production has Janus-faced roles 

(i.e., both beneficial and toxic effects) with regard to MSC and VSMCs osteogenic 

differentiation.15,20,36 The reason for this inconsistency remains inconclusive, considering 

that the effects exerted by specific IDO1 metabolite or downstream enzymes can vary 

according to cell type and stimulus. The multifaceted regulatory network of AhR may also 

account for this discrepancy. Kynurenine signaling through the AhR-complex-associated 

Src kinase activity is implicated in the control of systemic inflammation.31 In the presence 

of receptor activator of nuclear factor-kappa B ligand, kynurenine induces macrophages 

to undergo osteoclastogenesis by binding to AhR that subsequently translocated to the 

nucleus to form a complex with AhR nuclear translocator.36 Kynurenic acid and xanthurenic 

acid have also been described as potential endogenous ligands for AhR. The binding of 

kynurenic acid to the AhR leads to recruitment of AhR nuclear translocator and induction 

of interleukin-6 mRNA expression.37 Within breast cancer cells, the AhR is activated by 

xanthurenic acid in an amplification feedback loop, maximizing tumor cell migration.38 

Taken together, these findings suggest that the distinct role of the AhR pathway in 

osteoclastogenesis depends on the specific binding ligand, the co-factors interacted with, and 

the downstream signaling cascade triggered, ultimately, the specific genes targeted. Thus, 

whether kynurenine and related derivatives present synergistic or competing functions on 

AhR signaling for modulation of arterial calcification awaits further investigation.

Kynurenine is the precursor for downstream metabolites that exert multiple effects on 

vascular pathophysiology. The 3-hydroxyanthranilic acid acts as a potent factor for 

nuclear factor-kappa B activation in VSMCs,10 and kynurenic acid is responsible for 

the interleukin-10 reduction in macrophages39; both can directly upregulate RUNX2 

expression.40 The xanthurenic acid treatment induces mitochondria malfunction and cellular 

apoptosis in VSMCs.41 The resultant apoptotic bodies can act as nucleating structures for 

crystallizing calcium.42 The quinolinic acid is involved in the neurotoxicity associated with 

inflammation, the well-known initiator for calcification.43 The findings from other studies 

provide the background needed to understand why kynurenine attenuated calcification whilst 

other catabolites had adverse outcomes.

Overall, we found a causal relationship between IDO1 activity and the development of 

arterial calcification. Current study highlights a potent effect of IDO1-catablized kynurenine 

production on protecting against VSMCs osteogenic reprogramming and subsequent 

calcification. These findings may provide new insights into therapeutic strategies for the 

relief of abnormal calcification in the cardiovascular system.
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Refer to Web version on PubMed Central for supplementary material.
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Non-standard abbreviations and acronyms

AhR Aryl hydrocarbon receptor

ALP Alkaline phosphatase

Apoe Apolipoprotein E

COL1A1 Collagen I alpha1

CUL4B Cullin 4B

IDO1 Indoleamine 2, 3-dioxygenase 1

Kyn Kynurenine

ND Normal diet

OCN Osteocalcin

OPN Osteopontin

RUNX2 Runt-related transcription factor 2

α-SMA Alpha smooth muscle actin

SM22α Smooth muscle 22 alpha

Trp Tryptophan

Ub Ubiquitin

VSMC Vascular smooth muscle cell

WD Western diet
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Clinical Perspective

What is new?

• This study reveals the previously unrecognized protective role of indoleamine 

2, 3-dioxygenase 1 (IDO1) in arterial calcification, vascular smooth muscle 

cells defective of IDO1 result in enhanced runt-related transcription factor 2 

(RUNX2) and ectopic calcium deposition in plaques.

• Through kynurenine production, IDO1 exerts potent inhibitory effects on 

osteogenic activity in vasculature by promoting E3 ligase complex formation 

between an aryl hydrocarbon receptor and cullin 4B, thus driving ubiquitin-

mediated degradation of RUNX2.

• Patients with coronary artery calcification have abnormal tryptophan 

metabolism, and serum IDO1 activity is inversely associated with 

calcification development in the clinical setting.

What are the clinical implications?

• This work reveals a protective role for IDO1 in mitigating arterial intimal 

calcification through kynurenine production.

• Developing interventions towards the IDO1-kynurenine-RUNX2 axis may 

prevent the pathogenesis of arteriosclerotic complications.
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Figure 1. IDO1 deficiency promotes atherosclerotic calcification in vivo
A-E, Representative von Kossa staining (A) and quantification performed in serial tissue 

sections of aortic root (B), aortic arch (C), femoral artery (D), and brachiocephalic artery (E) 

of Apoe−/− (n = 9–20) and Apoe−/− Ido1−/− (n = 9–24) mice that were fed with Western diet 

for 24 weeks. Scale bars: 200 μm for brachiocephalic artery; 500 μm for aortic root, aortic 

arch, and femoral artery.

F and G, Biochemical measurement of aortic calcium content (F) and ALP activity (G) of 

Apoe−/− and Apoe−/− Ido1−/− mice fed with Western diet for 24 weeks (n = 9–12).

Results are presented as mean ± SEM, and analyzed using Mann Whitney test for B and C, 

unpaired t-test with Welch’s correction for D and E, two-tailed unpaired Student’s t-test for 

F and G. *P < 0.05, **P < 0.01, ***P < 0.001.

Ouyang et al. Page 17

Circulation. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. VSMCs-specific IDO1 deficiency promotes calcification and RUNX2 expression
Apoe−/− Ido1fl/fl (n = 10), Apoe−/− Ido1fl/fl Myh11Cre (Apoe−/− Ido1△SMC, n = 14), and 

Apoe−/− Ido1fl/fl lysMCre (Apoe−/− Ido1△MΦ, n = 11–12) mice were fed with Western diet 

for 24 weeks.

A and B, Biochemical measurement of aortic calcium content (A) and ALP activity (B) for 

indicated mice.

C, Western blot analysis of RUNX2 expression in aorta lysates from indicated mice (n = 4).

D, Representative von Kossa staining and immunofluorescence staining of RUNX2 in aortic 

root and brachiocephalic artery tissue sections from indicated mice. Scale bars: 500 μm for 

von Kossa staining of aortic root; 200 μm for von Kossa staining of brachiocephalic artery; 

100 μm for immunofluorescence staining.

E-G, Quantification of percentage of calcification lesions within plaque areas in aortic 

root (E) and brachiocephalic artery tissue sections (F) from Apoe−/− Ido1fl/fl, Apoe−/− 

Ido1△SMC, and Apoe−/− Ido1△MΦ mice, and RUNX2 immunofluorescence staining (G) in 

brachiocephalic artery tissue sections from indicated mice (n = 4–6 for G).

Results are presented as mean ± SEM. P values are assessed using one-way ANOVA with 

Dunnett’s post hoc test for A-C and G, Welch’s ANOVA with Dunnett’s post hoc test for E 
and F. *P < 0.05, **P < 0.01, ***P < 0.001, ns indicates P > 0.05.
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Figure 3. Kynurenine alleviates RUNX2 expression and calcification
A, Experimental scheme, Apoe−/− and Apoe−/− Ido1−/− mice were fed with Western diet for 

16 weeks, then supplemented with vehicle or kynurenine (100 mg/kg) via intraperitoneal 

(i.p.) injection every 48 hours together with the Western diet for another 8 weeks.

B and C, Biochemical measurement of aortic calcium content (B) and ALP activity (C) of 

indicated group (n = 9–12).

D, Representative von Kossa staining and immunofluorescence staining of RUNX2 in aortic 

root and brachiocephalic artery tissue sections from indicated mice. Scale bars: 500 μm for 

von Kossa staining of aortic root; 200 μm for von Kossa staining of brachiocephalic artery; 

100 μm for immunofluorescence staining.

E-G, Quantification of percentages of calcification lesions within plaque areas in aortic 

root (E) and brachiocephalic artery tissue sections (F), and RUNX2 immunofluorescence 

staining (G) in brachiocephalic artery tissue sections from indicated mice (n = 6 for G).

H and I, Western blot (H, n = 3) and quantitative RT-PCR (I, n = 6) analysis of RUNX2 

expression in aorta lysates from mice with or without kynurenine injection.

Results are presented as mean ± SEM, and analyzed using two-way ANOVA with Tukey’s 

post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ns indicates P > 0.05.
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Figure 4. IDO1-related kynurenine modulates osteogenic reprogramming of VSMCs
Apoe−/− and Apoe−/− Ido1−/− mice were fed with Western diet for 24 weeks.

A, Western blot analysis of OCN, OPN, SM22α, and calponin1 expression in whole aorta 

lysates from Apoe−/− (n = 6) and Apoe−/− Ido1−/− (n = 4) mice.

B, Representative von Kossa staining and immunofluorescence staining of RUNX2 in 

brachiocephalic artery tissue sections from male Apoe−/− and Apoe−/− Ido1−/− mice. Scale 

bars: 200 μm for von Kossa staining; 100 μm for immunofluorescence staining.

C and D, Quantification of RUNX2 (C) and COL1A1 (D) expression in brachiocephalic 

artery tissue sections from Apoe−/− and Apoe−/− Ido1−/− mice (n = 8).

E and F, Aortic rings isolated from Ido1fl/fl and Ido1△SMC mice were treated with DMSO 

or kynurenine (50 μmol/L) for 3 days in osteogenic media ex vivo. RUNX2 and α-SMA 

expression were detected using immunofluorescence staining (n = 6).

Results are presented as mean ± SEM, and analyzed using two-tailed unpaired Student’s 

t-test for A, unpaired t-test with Welch’s correction for C and D; Two-way ANOVA with 

Tukey’s post hoc test is used for E. *P < 0.05, **P < 0.01, ***P < 0.001, ns indicates P > 

0.05.
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Figure 5. IDO1 modulates osteogenic reprogramming of VSMCs in a RUNX2-dependent manner
A and B, Western blot analysis of RUNX2, OCN, OPN, SM22α, and calponin1 expression 

(A), and quantitative analysis of alizarin red staining (B) in primary VSMCs isolated from 

Ido1fl/fl and Ido1fl/fl Myh11Cre mice infected with lentivirus encoding scramble shRNA or 

RUNX2 shRNA, and then challenged with osteogenic media for 14 days (n = 6).

C-F, Quantitative analysis of alizarin red staining (C and D), calcium content (E), and 

ALP activity (F) in primary aortic rings isolated from Ido1fl/fl and Ido1fl/fl Myh11Cre mice 

infected with lentivirus carrying Scr shRNA or RUNX2 shRNA, and then challenged with 

osteogenic media for 3 days (n = 6).

Results are presented as mean ± SEM, and analyzed using two-way ANOVA with Tukey’s 

post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ns indicates P > 0.05.
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Figure 6. Kynurenine promotes ubiquitin-mediated proteasomal degradation of RUNX2 in 
VSMCs
A, Quantitative RT-PCR analysis of RUNX2 expression in human coronary VSMCs 

transfected with scramble (Scr) siRNA or IDO1 siRNA (left panel), and human coronary 

VSMCs treated with DMSO or kynurenine (Kyn, 50 μmol/L) for 48 hours (right panel) (n = 

6).

B, Quantitative RT-PCR analysis of RUNX2 expression in human coronary VSMCs 

transfected with scramble (Scr) siRNA or IDO1 siRNA (left panel), and human coronary 

VSMCs treated with DMSO or Kyn (50 μmol/L) for 48 hours, followed by treatment with 

actinomycin D (Act D, 1 μmol/L) for different periods (right panel) (n = 4–6).

C-E, Western blot analysis of RUNX2 expression in human coronary VSMCs transfected 

with Scr siRNA or IDO1 siRNA, and then treated with chloroquine (CQ, 20 μmol/L) (C), 

MG132 (1 μmol/L) (D), or cycloheximide (CHX, 50 μg/mL) (E) for the indicated periods (n 

= 4).

F, Western blot analysis of RUNX2 expression in RUNX2-overexpressed human coronary 

VSMCs treated with DMSO or Kyn (50 μmol/L), followed by treatment with CHX (50 

μg/mL) for different periods (n = 4).

G and H, Human coronary VSMCs with Scr siRNA or IDO1 siRNA transfection (G), 

DMSO or Kyn (50 μmol/L) supplementation (H) were pretreated with MG132 (1 μmol/L). 
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The expression of RUNX2, ubiquitin (Ub), and GAPDH was determined by Western 

blot analysis (Input). Immunoprecipitation was performed with RUNX2 or IgG antibody, 

RUNX2 and RUNX2-bound Ub was determined by Western blot analysis (IP; n = 3).

Results are presented as mean ± SEM. P values are assessed using two-tailed unpaired 

Student’s t-test used for A; Two-way ANOVA with Tukey’s post hoc test is used for B-F. 

***P < 0.001, ns indicates P > 0.05.
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Figure 7. Kynurenine activates assembly of RUNX2 and CUL4BAhR E3 ligase complexes
A-C, Western blot analysis of human coronary VSMCs supplemented with DMSO or Kyn 

(50 μmol/L) followed by pretreatment with MG132 (1 μmol/L) before immunoprecipitation 

with anti-RUNX2 (A) or anti-AhR (B) or anti-CUL4B (C) antibodies and detection with 

indicated antibodies (n = 3).

D, Western blot analysis of RUNX2 expression in human coronary VSMCs transfected with 

Scr siRNA or AhR siRNA, followed by treatment with MG132 (1 μmol/L) for indicated 

periods (n = 4).

E, Western blot analysis of RUNX2 expression in human coronary VSMCs transfected with 

Scr siRNA or CUL4B siRNA, followed by treatment with MG132 (1 μmol/L) for indicated 

periods (n = 4).

F, Western blot analysis of RUNX2 expression in human coronary VSMCs transfected with 

RUNX2 plasmid combined with or without AhR and CUL4B plasmids, followed by CHX 

(50 μg/mL) treatment for the indicated periods (n = 4).

G, Western blot analysis of RUNX2 expression in human coronary VSMCs transfected with 

Scr siRNA or CUL4B siRNA, followed by treatment with DMSO or Kyn (50 μmol/L) (n = 

4).
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H, Western blot analysis of RUNX2 expression in human coronary VSMCs transfected with 

Vector or CUL4B plasmid combined with Scr siRNA or IDO1 siRNA (n = 4).

Results are presented as mean ± SEM, and analyzed using two-way ANOVA with Tukey’s 

post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ns indicates P > 0.05.
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Figure 8. Tryptophan metabolism in patients with or without coronary artery calcification
A, Representative multiple reaction monitoring chromatograms of serum catabolites from 

tryptophan metabolism and an internal standard (IS, 5-hydroxyindole-2-carboxylic acid) in a 

standard mixture solution at the limit of quantitation.

B-H, Correlation between serum levels of catabolites from tryptophan metabolism and 

coronary artery calcification (CAC) Agatston scores of CKD patients (n = 120–152). 

Catabolites presented as: tryptophan (B), kynurenine (C), kynurenic acid (KA) (D), 3-

hydroxyanthranilic acid (3HAA) (E), 3-hydroxykynurenine (3HK) (F), xanthurenic acid 

(XA) (G), quinolinic acid (QA) (H).

I, Correlation between serum levels of Kyn/Trp ratios and CAC Agatston scores of CKD 

patients (n = 152).

Results are analyzed using Spearman’s rank correlation for B-I.
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