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Cardiovascular calcification, including vascular calcification and calcific aortic valve disease (CAVD), is a serious worldwide health problem, especially in older adults. The mechanisms underlying cardiovascular calcifications are complex and multifactorial. An increase in reactive oxygen species (ROS) and oxidative stress play important roles in the initiation and development of cardiovascular calcification. This mini-review summarizes the recent evidence that supports the association of ROS with vascular calcification and CAVD and discusses the role of medicinal plants for the prevention and treatment of cardiovascular calcification.
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1 INTRODUCTION
Cardiovascular calcification is a prevalent and common pathological factor in several cardiovascular diseases, including vascular calcification and calcific aortic valve diseases (CAVD). The early stage of vascular calcification is characterized by the formation of a calcified plaque, stiffness of vascular walls, and a decrease in vascular compliance. Meanwhile, the advanced stage shows inflammatory infiltration, fibrosis, and formation of an atheromatous plaque (Li et al., 2021). At present, oxidative stress is one of the known significant factors contributing to cardiovascular calcification development. Reactive oxygen species (ROS) excessively accumulate intracellularly, leading to oxidative stress. Increased oxidative stress might play significant roles in the initiation and progression of cardiovascular calcification and the conversion of vascular smooth muscle cells into osteoblast-like phenotype (Lee et al., 2020). Emerging evidence indicates that other sources such as mitochondria, uncoupled eNOS, and xanthine oxidases also contribute to several risk factors related to cardiovascular calcification (Hu et al., 2021). However, the precise mechanisms and associations in cardiovascular calcification development are not well understood. Studies have shown that medicinal plants and their active ingredients could significantly improve vascular calcification. Hence, the role of ROS and medicinal plants in vascular calcification will be reviewed.
2 REACTIVE OXYGEN SPECIES IN CARDIOVASCULAR CALCIFICATION
2.1 The Sources of Reactive Oxygen Species in Cardiovascular Calcification
2.1.1 NADPH Oxidase Protein
NADPH oxidases are the primary sources of ROS in the vascular wall, which play important roles in the pathophysiology of the cardiovascular system. NOX2 and NOX4 are major isoforms expressed in the heart and vessels (Zhang et al., 2010). Under the condition of degenerative aortic valve stenosis, the expression of NOX2 isoform was increased around the calcifying foci in the stenotic aortic valve, where NOX4 is also upregulated during calcification (Liberman et al., 2008). An increasing level of hydrogen peroxide in the aortic valve is possibly related to the NADPH oxidase activity. Increased NOX2 and NOX4 levels and increased oxidative stress might contribute to the calcification process.
2.1.2 Mitochondria
Mitochondrial ROS is associated with vascular calcification (Zhao et al., 2011). Accumulation of oxidants could result in mitochondrial dysfunction, consequently leading to vascular calcification (Cui et al., 2017). Overexpression of p66Shc leads to an increase in ROS production, which results in the stimulation of the dysfunctional phenotype in endothelial cells, eventually triggering mitochondrial apoptosis leading to calcification (Pagnin et al., 2005). Therefore, targeting p66Shc can be a potential therapy to reduce mitochondrial oxidative stress.
2.1.3 Uncoupled eNOS
Under normal circumstances, eNOS produces nitric oxide. However, eNOS could also generate hydrogen peroxide and nitric oxide when uncoupled. Uncoupling of eNOS is induced either by the endogenous competitive inhibitor asymmetric dimethylarginine or reduction of BH4 bioavailability (Incalza et al., 2018). eNOS uncoupling plays a significant role in elevated endothelial oxidative stress and consequently triggers endothelial dysfunction, which might contribute to aortic valve calcification by degradation of endothelial protection (Farrar et al., 2015).
2.1.4 Xanthine Oxidase
Under inflammatory conditions, the reductase form could switch to oxidase form (xanthine oxidase, XO) (Incalza et al., 2018). XO-induced ROS predominantly contributes to ischemia- or reperfusion injury-induced oxidative stress. Human atherosclerotic plaque rupture is associated with vascular calcification, where there is an elevation of both the endothelial XO and plasma XO, indicating the contribution of XO to human atherosclerosis (Förstermann et al., 2017). Moreover, XDH switches to XO when released to the blood circulation, leading to further ROS generation and endothelial dysfunction by binding XO with sulfated glycosaminoglycans.
2.2 ROS Signaling Pathways
Oxidative stress might also induce the activation of a few pathways, which have beneficial effects. Although emerging evidence demonstrates the connection between ROS and cardiovascular calcification, the precise mechanism remains incompletely understood. However, recent studies suggest some potential mechanisms.
2.2.1 RUNX2
RUNX2 is induced by AKT signaling via hydrogen peroxide activation of PI3K (Chen et al., 2019). A mouse model experiment indicates that when hydrogen peroxide level is 0.1–0.4 mmol/L, trans-differentiation of smooth muscle cells into osteogenic phenotype occurs in a dependent manner, and the RUNX2 expression level shows a significantly increasing trend (Leopold, 2015). Bone-related transcription factors, such as RUNX2, Msx2, and sox9, were found to be upregulated in the calcified blood vessel. Hydrogen peroxide-induced activation of PI3K/AKT signaling results in upregulation of RUNX2 and, thus, calcification of vascular smooth muscle cells (Byon et al., 2008).
2.2.2 JNK Pathway
JNK plays an important role in inflammation and apoptosis, which is involved in the pathophysiology of coronary heart disease, ischemia-reperfusion injury, chronic inflammation, and neurodegeneration. ROS-induced activation of JNK could activate both the intrinsic and extrinsic apoptosis pathways. ROS can activate JNK by activation of ASK1 and trigger the translocation of FoxO1 into the nucleus, thus leading to the upregulation of FoxO1 expression and consequently the regulation of oxidative stress (Zhang et al., 2019). JNK/Sab/Src signaling pathway could inhibit the electron transport chain, leading to more generation of mitochondrial ROS to induce apoptosis. However, the type of ROS that can activate the JNK signaling pathway is still unknown.
2.2.3 TLR4/NF-κB/Ceramide Signaling
Oxidized low-density lipoprotein (Ox-LDL) acts as a significant biomarker of oxidative stress, which is an important risk factor for osteogenic differentiation of vascular smooth muscle cells. Ox-LDL induces upregulation of TLR4 expression, triggering the activation of NF-κB, which is important in regulating inflammation acting downstream of TLR4 (Song et al., 2017). Inhibition of the NF-κB signaling pathway prevents further increase of ceramide, which indicates ceramide may act downstream of NF-κB signaling. Collectively, oxidative stress-related Ox-LDL could trigger vascular calcification via TLR4/NF-κB/ceramide signaling pathway (Song et al., 2017). These findings highlight the importance of NF-κB in vascular calcification development.
2.3 Mechanism of Reactive Oxygen Species-Mediated Cardiovascular Calcification
2.3.1 Apoptosis
ROS-induced apoptosis is another potential mechanism leading to valvular and vascular calcification, and accumulation of apoptotic bodies may form nucleation sites for calcium deposition (Redza-Dutordoir and Averill-Bates, 2016). Endoplasmic reticulum stress- (ERS-) induced apoptosis is a prevalent pathology in atherosclerosis, type II diabetes, and chronic kidney diseases. ERS triggers aortic calcification in rat models via induction of vascular smooth muscle cell apoptosis (Shi et al., 2019). ERS could induce the synthesis of NADPH oxidase, which induces further apoptosis (Zhou et al., 2021). The relationship between ROS and the endoplasmic reticulum needs further exploration.
2.3.2 Inflammation
Calcifying aortic valve disease is thought to be caused by inflammation and immune response. However, in the calcified valve or vascular tissues, a large number of macrophages and lymphocytes infiltration are found (Incalza et al., 2018). NLRP3 inflammasome is regulated by ROS, and under cellular stress, NLRP could activate caspase-1 and process cytoplasmic targets. Inhibition of mitophagy would result in ROS accumulation, thus activating NLRP3 (Xu. et al., 2020). Activation of NLRP3 can trigger the maturation of pro-inflammatory cytokines such as IL-1β. Pro-inflammatory cytokines could also induce ROS generation (Kelley et al., 2019). ROS might trigger cardiovascular calcification by inducing pro-inflammatory cytokines (Pawade et al., 2015).
2.3.3 Autophagy
The role of autophagy in vascular calcification is complex. Autophagy inhibits vascular calcification by reducing electrolyte imbalance. For example, Fe3+ could reduce vascular calcification by inducing increased autophagy (Ciceri et al., 2016). Conversely, autophagy can promote vascular calcification by activating different pathways. Autophagy induces calcification by increasing stromal vesicle release (Phadwal et al., 2020). The interaction between autophagy and oxidative stress plays an important role in vascular calcification. 7-KC induces oxidative stress and accelerates vascular calcification by inhibiting autophagosome and lysosome dysfunction (Sudo et al., 2015). Inhibition of autophagy activates oxidative stress and promotes vascular calcification. In conclusion, autophagy plays different roles in vascular calcification through different pathways. Regulation of autophagy to reduce the severity of vascular calcification will provide new ideas for studying the vascular calcification mechanism and clinical prevention and treatment.
3 PREVENTION AND TREATMENT FOR CARDIOVASCULAR CALCIFICATION
Regulation of ROS generation and balance of ROS level is significant in preventing cardiovascular diseases. Recent studies have demonstrated that modern drugs might have some beneficial impacts on the treatment of cardiovascular calcification, and the role of medicinal plants in cardiovascular calcification also attracted broad attention.
3.1 Modern Medicine in Cardiovascular Calcification
Bisphosphonates are inhibitors for osteoclast-mediated bone resorption. It has shown an effective reduction in the calcified vasculature and the aortic valve. The nitrogen-containing bisphosphonates have been indicated to have significant anti-calcific effects in the vasculature by acting as inorganic pyrophosphate analogs (Pawade et al., 2015). Moreover, bisphosphonates reduce the differentiation of aortic valve myofibroblasts into osteogenic-like phenotypes (Elmariah et al., 2010). Collectively, these effects indicated that bisphosphonates might be an effective therapy in cardiovascular calcification-induced aortic stenosis.
Denosumab is an antibody that prevents RANKL from binding to RANK. Clinical data shows that “in 7,868 post-menopausal women with osteoporosis, denosumab increased bone mineral density and reduced vertebral fracture by 68% over a three-year period” (Pawade et al., 2015). These data indicate that denosumab has an important role in regulating the OPG/RANK/RANKL system in vascular and aortic valve calcification (Pawade et al., 2015).
The statin and angiotensin-converting enzyme (ACE) inhibitors might halve the progression of aortic valve stenosis (Kleinauskienė and Jonkaitienė., 2018; Andersson and Abdulla, 2017). In addition, statin and ACE could reduce oxidative stress (Daiber et al., 2021) and, hence, be a potential therapeutic option that targets oxidative stress-induced early-stage calcification.
3.2 Medicinal Plants in Cardiovascular Calcification
In recent years, much attention has been paid to the role of medicinal plants in vascular calcification. We summarize the progress of medicinal plants or their extracts for vascular calcification.
3.2.1 Ginkgo biloba L.
Studies have shown that Ginkgo biloba L. extract (GBE) can reduce vascular calcification (Xu et al., 2015). β-Glycerophosphate induce VSMC calcification by activating the Wnt/β-catenin signaling pathway. GBE could alleviate the VSMC calcification induced by β-glycerophosphate through inhibition of the Wnt/β-catenin signaling pathway (Wang et al., 2019). Studies suggest that GBE not only significantly reduced calcium deposition in rat aortic smooth muscle cells induced by β-glycerophosphate but also inhibited osteogenic trans-differentiation, which may be related to the decrease of alkaline phosphatase expression, NF-κB activity, and reactive oxygen species production in vascular smooth muscle cells (Li et al., 2016). Another study showed that GBE could improve warfarin-induced aortic valve calcification by inhibiting the BMP2-mediated SMad1/5/Runx2 signaling pathway (Liu et al., 2021). GBE may be a potential medicinal plant for vascular calcification.
3.2.2 Celastrol
Celastrol is an extract of the Tripterygium wilfordii plant, a traditional Chinese medicine, which belongs to the pentacyclic triterpenoids. Recent studies have shown that celastrol could exhibit an inhibition effect on NOX activity. Celastrol could induce protection effects on inflammation (Hu et al., 2017), fibrosis (Guo et al., 2016), and atherosclerosis (Gu et al., 2013), which are risk factors for ROS-induced cardiovascular calcification. Interestingly, celastrol could inhibit NADPH oxidase isoforms (Jaquet et al., 2011). Celastrol reduces aortic valve calcification by inhibiting NOX2 in valve interstitial cells, which is associated with inhibiting the NOX2-mediated glycogen synthase kinase 3β/β-catenin pathway in calcified aortic valve disease (Liu et al., 2019a). Therefore, celastrol might be a new potential therapy for cardiovascular calcification by inhibiting NOX activities.
3.2.3 Quercetin
Quercetin, a flavonoid found in vegetables, tea, and fruits, has bioactive properties, including antioxidant, anti-inflammatory, and anti-apoptotic (Yang et al., 2020). Quercetin interferes with adenine-induced aortic calcification in rats and calcified vascular smooth muscle cells induced by inorganic salts. The results showed that quercetin reduced apoptosis of vascular smooth muscle cells by blocking oxidative stress and inhibiting mitochondrial fission quercetin, and quercetin also significantly improved adenine-induced aortic calcification in rats (Cui et al., 2017).
3.2.4 Curcumin
Curcumin is the main active component in Curcuma longa L., which can inhibit inflammation and resist oxidation. Studies have shown that curcumin inhibits osteogenic differentiation of human aortic valve stromal cells by activating NF-kB/AKT/ERK signaling pathway (Zhou et al., 2020). Other studies suggested that curcumin might inhibit apoptosis and calcification of vascular smooth muscle cells by inhibiting JNK/Bax signaling pathway (Hou el at., 2016). Taken together, curcumin could be used to prevent and treat vascular calcification potentially.
3.2.5 Resveratrol
Resveratrol (trans-3,4′,5-trihydroxystibene) is a natural antioxidant, naturally occurring polyphenolic compound found in many plants, such as grapes, red wine, and mulberries. Researchers have established a vascular calcification model induced by stimulation of rat vascular smooth muscle cells with β-glycophosphate and investigated the effect of resveratrol on vascular calcification. Results showed that resveratrol prevents calcium deposition and mitochondrial dysfunction induced by vascular calcification by involving SIRtuin-1 and Nrf2 (Zhang et al., 2016). Resveratrol has therapeutic effects on various diseases. The degree of aortic atherosclerosis and vascular calcification in uremic mice was reduced after resveratrol supplementation, and the vascular health of mice was promoted (Tomayko et al., 2014). In conclusion, resveratrol supplements are beneficial for vascular health.
3.2.6 Puerarin
Puerarin is a kind of isoflavone compound, which is the main bioactive ingredient extracted from Pueraria roots and has anti-inflammatory, antioxidant, and anti-apoptosis effects. Studies have shown that puerarin attenuates osteoblast differentiation of vascular smooth muscle cells through the ER/PI3K-Akt signaling pathway (Lu et al., 2014). Puerarin might reduce IL-1β by targeting NLRP3/caspase-1/IL-1β and NF-κB signaling pathways and inhibit the production of reactive oxygen species, ultimately delaying vascular calcification (Liu et al., 2019b). Puerarin could protect blood vessels and has great potential in the clinical treatment of cardiovascular calcification.
3.2.7 Astragaloside
Astragaloside, extracted from Astragalus mongholicus Bunge, could protect blood vessels. Arterial calcification can be inhibited by promoting the autophagy of vascular smooth muscle cells, whose loss of autophagy leads to atherosclerosis. Evidence has shown that astragaloside IV could attenuate autophagy and mineralization of VSMCs in atherosclerosis, which may be related to H19 overexpression and DUSP5 inhibition (Song et al., 2019).
3.2.8 Ginsenosides
Ginsenosides, isolated from the dried roots of Panax ginseng C.A.Mey., could be used to protect blood vessels from inflammation and oxidative stress, among others. Ginsenosides play an important role in treating cardiovascular diseases based on atherosclerosis and inhibiting the pathogenesis of arterial calcification (Xue et al., 2021). Ginsenoside Rg1 could enhance the expression of autophagy-related proteins and reduce the expression of apoptotic proteins through the AMPK/mTOR pathway, thereby reducing apoptosis, enhancing autophagy, and helping to slow down vascular calcification and delay the emergence of atherosclerosis (Yang et al., 2018).
3.2.9 Emodin
Emodin, which can be isolated from several Chinese herbs, including Rheum palmatum L. and Polygonum cuspidatum, has been reported to possess numerous bioactivities (e.g., diuretic, anti-inflammatory, antiviral) and inhibits oxidative stress (Li et al., 2020). Emodin could attenuate atherosclerosis, and researchers further focused on whether emodin could attenuate vascular calcification. To investigate the role of emodin in vascular calcification, researchers induced aortic valvular calcification in mice with vitamin D and treated them with emodin. Emodin inhibited calcium levels in serum and valves and reduced calcium accumulation in the aortic valvular by inhibiting the AKT/FOXO1 signaling pathway (Luo et al., 2022). Evidence suggested that emodin-induced oxidative inhibition of mitochondrial function contributes to ER-associated apoptosis mediated by BiP/IRE1α/CHOP signaling pathway (Qiu et al., 2021). Emodin could alleviate calcium-related aortic valvular calcification, providing new insights into therapeutic strategies for clinical valve calcification.
4 PERSPECTIVE
ROS could interact with other mechanisms and promote each other in the initiation and progression of cardiovascular calcification. Although intracellular signal transduction of ROS has been widely investigated, the precise targets and mechanisms of ROS in cardiovascular calcification and ossification remain incompletely understood. The investigation of the ROS mechanism, targeting different types of ROS, and its targets are warranted. In the future, the development of a new type of cell organelle targeted probes and antioxidants might contribute to a better understanding of the roles of ROS in aerobic/anaerobic respiration, fatty acid synthesis, and modification after protein translation and transcription. These techniques could also contribute to research by understanding the influence of pathological changes of ROS-induced inflammation and cardiovascular calcification. Additionally, the pathogenesis of cardiovascular calcification is complex. Understanding tissue-specific oxidative and reductive signals would contribute to exploring new therapies and technologies. Studies have shown that active ingredients of medicinal plants could significantly improve vascular calcification, suggesting that medicinal plants may be a potential treatment for vascular calcification. However, there are few relevant research articles and a lack of high-quality clinical evidence-based studies. We should further explore the role of medicinal plants in the prevention and treatment of vascular calcification.
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